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SMOKELESS  IGNITION  OF  OIL  FIRES  IN  SHIP-SPACE  SIMULATORS 
FOR  U.  S.  NAVY  FIRE-FIGHTING  SCHOOLS 

by 


H.  R,  Uay.fird,  R,  D.  Giammar, 
and  D.  W.  Gaudy 


INTRODUCTION 


Large  oil  fires  arc  ustid  for  f ire-f Lghting  instruction  in  U,  S.  Navy  fire-fighting 
schools.  These  arc  burned  on  the  surface  of  water  pools,  which  provide  a sr'ooth,  level 
surface  upon  which  a relatively  thin,  uniform  layer  of  oil  can  be  burned.  Such  fires 
produce  large  clouds  of  heavy,  black  smoke,  which  is  undesireable  in  populated  areas. 
Accordingly,  the  Navy  has  investigated  elimination  of  smoke  from  fire-fighting  schools 
by  use  of  afterburners  to  destroy  smoke  after  it  is  formed,  and  by  use  of  water-spray 
systems  that  suppress  formation  of  smoke.  Water-spray  systems  are  much  less  enpensive 
to  install  and  operate  than  afterburner  systems,  and  would  bo  preferred  if  fully  satis- 
factory. 


The  use  of  water  sprayed  over  the  surface  of  burning  oil  to  suppress  smoke  has 
been  developed  by  Alexander  Goldsmitlj,  of  IIT  Research  Institute,  under  contract  with 
the  Naval  D-n/ices  Training  Center^^^f  Experimental  water-spray  systems  have  been  in- 
stalied  in  three  f ire;;- training  simulators  at  the  Norfolk  Fleet  Training  Center  and  good 
cr.-ntrol  of  smoke  has  been  demonstrated  after  a well-developed  fire  has  been  establish.'d. 
Ifrwover,  a period  of  30  seconds  or  more  of  operation  with  heavy  smoke  has  been  required 
to  >‘stablish  a well-developed  oil  fire,  as  this  cannot  be  done  with  the  water-spray  sys- 
tem in  operation.  Accordingly,  effective  use  of  the  water-spray  system  for  smoko  sup- 
rcssion  is  dependent  upon  the  development  of  a smokeless  ignition  system. 


This  report  describes  the  development  and  initial  operation  of  two  smokeless 
ignition  systems  for  the  Norfolk  Fleet  Training  Center.  These  systems  are  based  upon 
injection  of  sufficient  gasoline  to  permit  flame  development  with  the  water-spray  system 
in  operation.  The  Rattelle  research  included  laboratory  development  of  the  ignition 
systems,  and  construction  and  shakedown  operation  of  two  experimental  prototype  ignition 
systems  at  h'orfolk.  These  systems  have  proven  practical  and  effective  in  controlling 
sm.okc. 


PROGRAM  OBJECTIVES 


The  primary  objective  of  the  program  was  to  demonstrate  a safe,  reliable,  and  effec 
tive  smokeless  Ignition  system  for  two  simulators  at  the  Norfolk  Fleet  Training  Center. 
This  objective  was  met  by  developing  design  criteria  in  Battello  6-foot  and  15-foot  fire 
tanks,  and  demonstrating  a complete  ignition  system  at  Battclle,  followed  by  design,  con 
struction,  and  demonstration  of  experimental  prototype  ignition  systems  at  Norfolk.  In 
the  course  of  the  program  all  objectives  were  met. 


* R''fercr!cu  is  given  on  page  51. 
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SCOPK  OF  PROGRAM 

Tho  program  was  planned  for  completion  within  a 4-month  period  by  tight  scheduling 
of  research  tasks,  with  overlapping  of  simultaneous  tasks  to  the  extent  possible.  Tlie 
major  tasks  carried  out  in  the  course  of  the  program  were: 

Phase  1.  Experimental  development  of  a smokeless  ignition  system 

1.  Experimental  study  of  design  alternatives,  using  a Battelle 
6- foot-diameter  fire  tank,  and  selection  of  design  criteria. 

2.  Construction  of  15-foot-diametcr  fire  tank  at  Battelle. 

3.  Study  of  design  criteria  using  the  15-foot  fire  tank, 
including  comparison  of  4-lnjector  and  1-injector  systems 
and  optimization  of  gasoline-injection  variables. 

Phase  2.  Engineering  design  of  ignition  systems  for  the  Norfolk  Fleet  Training 

Center,  including  a system  for  the  15-foot  tank  and  a system  for  the 

engine-room  simulator. 

1.  Selection  of  type  of  system 

2.  Selection  of  all  apparatus 

3.  Detailed  design  of  components  and  systems  to  confirm 
operating  characteristics 

4.  Construction  and  operation  of  system  in  Battelle  15-foot 
fire  tank. 

Phase  3.  Installation  of  experimental  prototype  ignition  systems  at  Norfolk 

1.  Procurement  and  fabrication  of  compo.icats 

2.  Installation  of  prototype  systems 

3.  Initial  operation  and  adjustment  of  systems,  including 
replacement  of  several  unsatisfactory  components. 

Phase  4,  not  yet  implemented,  will  Include  measurement  of  air  pollutants  within  the 
engine-room  simulator  throughout  a number  of  typical  ignition  and  operating  cycles. 
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PART  I.  EXPERIP.IEMTAL  DEVELOPMENT  OF  A SMOKELESS-IGNITION  SYSTEM 


Kxperir.onta  1 devo  lopnont  oE  a stroke  less- i p,n  i t i on  system  employed  tsjo  test  faci- 
lities, a 6- foot-d i ameter  fire  tank  at  tlie  Bat te I Ic-Columbns  Laboratory  and  a 13-foot- 
diameter  fire  tank  at  Battelie's  Vest  .leEEerson  t’acility.  Ttie  6-foot  tank,  crris tructetl 
viitbin  a few  days,  could  be  opcratixl  v/itliin  the  city  witii  the  approval,  of  fire  and  smoke 
regulation  autlior  i t ies , It  was  used  to  screen  a number  of  idca.s  and  to  develop  design 
information  to  tlie  extent  possible.  The  15- foot  tank,  similar  to  tlic  15-foot  tank  at  the 
ihsrfolk  fleet  Training  Center,  was  located  in  an  unpopulated  area,  and  was  used  for  larger 
scale  studies  as  soon  as  it  was  available. 

EXPERINTllTAL  STIJDTHS  USING  6-fOOT  TAb'K 
Description  of  the  6-Foot  Fire  Tank 

Figure  1 is  a scliematic  drawing  of  tlie  6-foot  fire  tank  and  its  auxiliary  equipment, 
'fl'.o  tank,  6 feet  in  diameter  and  6 feet  iiigli,  was  arranged  for  positive  control  of  water 
level  by  spillover  of  excess  water  througli  an  adjustable  12-inch  overflow  weir.  A layer 
of  .Vo.  2 fuel  oil  was  flo.ated  on  the  water  and  burned  to  make  largo  firtus.  The  water 
depth  was  32  inches,  and  could  be  adjusted  by  changing  weir  level, 

A spray  nozzle  located  at  the  center  of  tlie  tank,  2,5  inches  above  the  water  level, 
i.'.jected  viator  radially  over  the  surface  at  a rate  of  2.8  gpni  with  water  pressure  of  80 
psi.  The  purpose  of  this  spray  was  to  suppress  smoko. 

An  ignition  system  based  on  ITTRi  recotnmenda tions ^ ^ ^ was  also  installed  in  'he  tank. 
This  included  a in’ gh-vol tage  spark  plug  located  near  tlie  center  of  t'le  tank  just  above 
t'lc  water  level,  and  a gasol  ine- supply  pipe  terminating  in  a .spreader  located  at  the  water 
surface  near  the  tank  center.  This  system  was  operated  by  turning  on  the  water  spray  and 
energizing  the  spark  plug,  tlu.n  introducing  gasoline  at  a controlled  rate  for  a prcdotcr- 
:ined  time  period.  The  gasoline  was  ignited  almost  instantly  by  the  spark,  and  the  gaso- 
line flame  .spread  from  the  center  to  tlie  edge  of  the  tank  witiiin  2 to  16  seconds  depend- 
in;  upon  the  rate  of  injection.  With  the  water  spray  operating,  the  smoke  level  during 
t'.e  ignition  period  was  similar  to  tliat  during  normal  burning  of  Vo.  2 oil  alone. 

The  tank  was  fitted  with  a firc-extinguisliing  system  consisting  of  three  large  flat- 
spray  watf:r  nozzles  directed  across  the  water  surface  at  an  elevation  about  3 indies  above 
the  water  surface.  When  water  was  introduced  tlirough  tliese  nozzles  the  fire  was  extin- 
ryiislu.d  within  2 seconds.  The  flow  of  water  to  the  central  smoke-control  nozzle  was  dr;tor- 
rlned  by  measuring  xvater  pressure  to  Llic  calibrated  spray  nozzle.  Water  was  .supplied  from 
tlie  city  water  system  at  90  psi. 

The  flew  of  gasoline  to  the  fire  tank  was  measured  by  a rotametf'r  and  controlled  Iiy 
a metering  valve.  Tlie  gasoline  flowed  from  a tank  pressurized  wttli  nitrogen  to  about  50 
psi.  A solenoid  valve  In  tlie  gasoline  line  controlled  the  period  of  gasoline  injection. 
The  gasoline  tank  was  placed  on  a scale,  and  the  total  weight  injected  was  determined 
by  weight  change. 
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Sr.r{!fcn I nr.  S tiidios  in  ft -f  oot  Tank 


TliL'  fj- foot-d i ter  l i re  tank  was  used  for  convenient  screening  of  several  ideas 
r'  lative  to  fjnsoline  di,s;v;rsion  and  ignition,  and  for  study  of  the  effects  of  water  ter*- 
purature,  oil  tiiicknes;,  and  smoke  suppression  with  water  spray.  Tiie  following  changes 
W’,:re  made  in  carrying  out  ttiese  studies: 

(1)  Tlie  gasoli  :i  ;-supply  system  was  improved  by  addition  of  an  interval 
timer  to  provide  automatic  timing  of  the  injection  period.  The  in- 
jection period  could  bo  selected  in  0,i-scc  increments  over  the 
range  from  0 to  6 sec.  injection  periods  of  about  1 sec  proved  most 
ef  feet  ive, 

(2)  A gasoline  injector  having  a screx^-suppor ted  cap  for  continuous  ad- 
justment of  the  height  of  tfie  annular  exit  slot  was  installed.  This 
permitted  selection  of  injection  velocity  independently  from  floxv  rate 
and  injection  period. 

(3)  Two  ga.  burners  ivere  installed  to  permit  heating  of  the  tank  water. 

Kacli  burner  fired  into  a A-inch  Eire  tube  which  extended  across  the 
tank,  near  tlie  bottom.  Mater  temperatures  up  to  190  F were  studied, 

(4)  A spray  ring  was  installed  to  spray  x.;ater  on  the  outside  of  the  tank 
above  the  X'.ater  level  to  mlnimixe  metal  Iioating  and  excessive  fuel 
evaporation  from  the  edge  of  Li.e  tank,  tinder  some  conditions  ttiis  made 
a targe  difference  in  flame  appearance  and  reduced  smoke  significantly. 

St-'am  from  outside  the  Lank  was  induced  into  tlio  flame  by  convection 
currents . 

(3)  Several  spark-plug  modifications  were  made,  but  none  proved  better  tlian 
thtr  initial  cor.vr.ercla  1 plug. 

(6)  Some  experiments  were  made  with  armored  diesel-type  glow  plugs  as 
igniters,  but  the  design  of  the  sample  plugs  was  sxich  that  the  surface 
temperature  was  not  iiigh  enough  for  gasoline  ignition  under  tank 

cond i Lions , 

(7)  The  ficig'nt  of  the  water  spray  for  smoke  suppression  was  varied  between 
0.5  and  3.0  inches,  and  tlie  flovi  quantity  was  varied  betw^cen  1 and  5 
gpm,  with  significant  effects  on  tlie  flame. 


Optimixation  of  Gasoline  Injection 


A principal  objective  of  the  experimental  program  x.ias  to  ninim.ixe  the  amount  of 
ga.soline  us'.d  for  an  Ignition  cycle  and  to  burn  the  ignition  gasoline  in  each  cycle  so 
thal  gasoline  content  of  the  fuel  oil  on  tlie  tank  surface  would  not  become  high  enough 
to  intliiencc  sirvilator  operation  or  safety.  This  is  particularly  important  in  closed- 
space;  simulators. 

Mork  was  begun  using  the  IITRl  concept  of  flox^/ing  gasoline  slowly  over  the  oil 
vurface  to  minir.lxe  turbulence  and  the  mixing  of  gasoline  and  oil.  For  these  te.sts, 
ga.soline  was  injected  at  a rate  of  1 Ib./scc  over  an  oil  layer  0.125  inch  thick.  In 
two  trials  it  was  found  that  spreading  the  flame  from  the  center  to  the  edge  of  the 
tank  requirid  about  10  sec  with  injection  of  16  pounds  of  gasoHn...  in  a third  trial, 

9 pounds  of  gasoline  v;erc  introduced  in  9 seconds  and  the  fire  still  spread  to  tlin  edge 
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of  Liu;  tank  in  ifj  '•.■-conJ  Tliosr  tests  were  carried  out  with  the  sr.;okc- suppress i on  water 
spray  operatinj-;. 

Tlie  design  of  Liie  gasoline  injector  was  then  changed  by  placing  a flat  cap  over  the 
center  to  direct  Che  gasoline  radially  outward  through  an  annular  slot.  An  immediate  re- 
duction of  the  quantity  of  gasoline  needed  for  oil  ignition  was  demonstrated.  In  further 
development,  the  injector  cap  v;as  mount<;d  on  a screw  at  the  axis  to  provide  a means  of 
varying  the  licight  of  the  annular  slot,  and  further  decreases  in  the  quantity  of  gasoline 
for  oil  ignition  wi;ce  observed  as  slot  height  was  decreased  and  injection  velocity  in- 
cr-ased. 


figure  ?.  shows  three  gasoline  injectors  used  for  these  studies 

The  most  effective  range  of  slot  height  and  injection  rate  was  found  with  a slot 
height  of  0,011  to  0 06'f  inch,  and  an  injection  rate  of  1 Ib/scc,  which  provided  an  in- 
jection virlocity  of  7 to  14  fps.  With  this  combination,  burning  gasoline  spread  to  the 
edge  of  the  Lank  within  1 second,  with  immediate  ignition,  A large  oil  fire  was  obtained 
wiriiin  10  seconds  with  the  smoke- suppress  ion  spray  in  operation.  With  these  injection 
conditions  only  I to  7.  pounds  of  gasoline  were  required  per  ignition,  and  the  smoke  level 
during  ignition  was  about  Che  same  as  Chat  for  later  burn'..-,g  of  oil. 

Th:;  design  of  gasoline  injectors  for  the  15-foot  tank  was  based  on  these  results. 

Two  alternative  injtrctor  arrangements  were  installed,  one  with  four  injectors,  each  like 
f'at  in  the  6- foot  fire  tank,  and  one  with  a single  large  injector  at  the  center. 


Ca sol i no  In  ject i on  With  a Central  spray  Moxzle 


A fev;  tests  were  run  by  injecting  gasoline  through  a 5 gpni  spray  noxxle  at  tlie 
Center  of  the  5- foot  tank.  The  spray  nozzle  was  similar  to  nozzles  used  for  smokc- 
.uvpr, -ss ing  v/ater  spray,  but  was  larger.  The  spray  nozzle  distributed  droplets  of  gaso- 
line over  tlie  ,intire  tank  surface,  rather  tlian  spreading  it  as  a flowing  wave.  When  the 
s;,.'ay  was  ignited  immediately,  by  energizing  the  spark  plug  before  starting  gasoline  flow, 
r uc'i  of  the  gasoline  iimsed  lately  flared  up  in  a very  large  flame  that  died  down  within  5 
seconds,  A -.-all  oil  flame  remained,  and  this  required  about  30  seconds  to  develop  into 
a large  flame  with  water  sprays  operating.  Aitornatively,  the  gasoline  could  be  sprayed 
rn  the  <)il  :;urfacc,  then  ignited.  This  resulted  in  a flame  very  similar  to  that  when 
inj  '.cting  gasoline  along  the  oil  surface.  At  this  point  there  seemed  to  be  no  advant- 
age to  spray  distribution  of  gasoline,  and  there  appeared  to  be  the  disadvantage  of  a 
p.'  -si!)le  explosion  if  ignition  wore  delayed  until  after  distribution  vjithin  a closed  space, 
so  this  idea  was  dropped. 


Spark-Plug  Design 


initial  experimental  studies  used  an  Auburn  1-132  spark  plug,  which  had  been  speci- 
fi'd  by  ilTRI  in  tbeir  design  recommendations^^'’*  This  plug  had  a center  electrode  that 
•xt-mded  1/2  inch  beyond  the  threaded  metal  body  of  the  plug,  and  an  L-shaped  ground 
eit.ctr  ■ that  extended  from  one  edge  of  the  plug  body  to  tlie  central  electrode.  This 
plug  proved  r-asonably  satisfactory  during  ignition  experiments,  arcing  most  of  the  time 
that  it  was  onargiz-d.  however,  at  times  immediately  after  energizing,  a few  seconds 
wer''  oft,n  required  before  arcing  began,  especially  xjhen  the  plug  was  filled  with  water 
from  lb:  smoke- suppress  Lon  spray  nozzle.  A 6,000  volt  oil-burner  Ignition  transformer 
v;ar,  used  to  energize  the  spark  plug. 
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First  modification 


FICURE  2,  TfiRFE  GASOFINK  I;VJECTORS  USED  r>J  SIX-FOOT  FIRE  TAMK 
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iipiirk- p III);  liiotl  i f i fa t: i oil:;  wcri’  matli- , but  tliaso  did  not  Improvo  arcinfj  reliability 

(1)  Tlif  iiiij',  I a/.id  porc('lain  iiiaiilator  was  covered  v;itb  .‘iiii.coiio  rubber  to 
avoid  Hoakiiii^  ul  the  iiiaiilatiou  with  water. 

(il)  A di'ik  was  welded  to  the  central  electrode?,  and  a vertical  (ground 
clet  trode  e".  I eiui  i 11)’,  from  tin;  metal  body  to  within  1/8  inch  of  this 
d i ?d<  was  inslalled,  .Silicone  robber  wa.s  ufjed  over  the  porc'-lain 
lor  waterprool  i n;;.  I’erformance  did  not  appear  to  lie  improi'cd. 

It  aiii'e.ired  that  the  Aniiorn  1-132  spark  pin;'  waft  only  marginally  aderpiate  for  this 
Service.  (A  bi!ttir  plu);  dcsi)pi  v/as  found  later  during  studies  in  the  15-foot  Lank.) 


J iiy r ^ o 1 1 ago  Glow  Plui'.s 


Tv;o  l(A7-vo]tage  armored  d lose  1-cngine  type  g'  iw  plugs  were  obtained  for  trial  as 
igniters.  However,  it  vtas  found  tliat,  at  the  rated  voltajje  and  current,  the  rairface  tem- 
perature of  tliese  plugs  vjas  only  aliout  1400  1’.  This  temperature  proved  Loo  low  for  igni- 
tion of  );asoline,  and  any  higher  povjcr  input  resulted  in  burnout  of  tlie  heating  e lenient . 
Thus,  these  pluj's  were  not  suitable  for  fire-tank  application. 

15' cause  of  the  good  ex|)cricnce  with  the  high-voltage  spark- ignition  system,  furtlier 
work  viitli  glov;  plugs  was  not  carried  out.  However,  if  necessary,  it  should  be  possible 
to  con.struct  suitable  exposed-coil  glov;  plugs  that  v/ould  provide  satisfactory  ignition. 
Coil  surface  temperatures  In  the  range  of  1800  to  2000  K are  needed  for  positive  ignition. 

Clow  [ilugs  W('ro  of  interest  bc.’cause  tliey  operate  at  6 to  12  volts  and  large  numbers 
of  Lhi:i  could  be  operated  from  a sirg’le  power  source.  Hovujver,  it  bec.sme  apparent  Lliat 
the  13- foot  fire  tank  v;ould  rcfiuire  only  two  spark  plugs  and  the  engliu:-room  simulator 
only  four  to  six  spark  plugs;  thus,  an  ignition  transformer  for  each  spark  plug  does  not 
appear  ujireasonablo . Furthermore,  v/ltit  so  few  spark  plugs,  provision  for  redundant  spark 
[)lugs  .appears  reasonable  if  needed. 


He i j'lit  of  the  .Smoko- .Suppressing  Wator-Siiray  A'oxxlo 


A single  water-spray  nox.zle  was  installed  at  the  center  of  the  6-foot  fire  tank  for 
smoke  suppression.  This  nozzle  was  a Spraying  Systems  No.  8686- 1/4- 1,  the  same  type  used 
in  th..;  h'orfolk  15- foot  fire  tank. 

The  heij'ht  of  tlic  nozzle  above  the  oil  surface  was  varied  from  1/2  inch  to  3 indies. 
For  heigiits  greater  than  1.5  incli,  little  water  spray  fell  into  the  oil  surface,  but  con- 
siderable spray  impinged  on  tlie  tank  vjall  .and  much  of  the  water  appeared  to  evaporate  in 
tlic  flame.  Under  these  conditions  the  flame  was  easy  to  Ignite  and  the  oil  flame  grew 
large  •.•.’itliin  a few  seconds.  However,  witli  nozzle  height  below  1.5  inch,  much  of  the  water 
spray  impinged  on  the  oil  surface  v;ith  relatively  uniform  distribution  over  the  surface. 
TIu;  ouf./ard  momentum  of  tlie  water  spray  pushed  oil  toward  the  edge  of  the  tank,  leaving 
a hole  In  tlie  center  il  the  oil  film  was  too  tliin.  Furthermore,  the  drops  of  water  fall- 
ing into  the  hot  oil  layer  appeared  to  evaporate  In  the  oil,  thus  reducing  the  size  of 
tile  oil  flame  and  causing  considerable  sputtering  and  popping  in  the  oil  film,  with  burn- 
ing droplets  of  oil  frequently  projected  out  of  the  tank.  Tlie  smoko  density  was  about 
tlie  .same  for  either  mode  of  operation. 

It  v;as  concluded  that  operation  of  the  6-foot  fire  tank  was  best  when  the  height  of 
the  wat.tv-spray  nozzle  vias  about  2 inches  above  the  oil  surface.  This  height  provided 
faster  ignition  and  lar;;er  oil  flames  than  lower  lieights,  at  which  water  spray  reduced 
flame  size  significantly. 
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T.nik~WfilI  Cooling 

!‘ 

Oriritif;  normal  oprr.it  ion  smoke  ofLcn  ;ii>[>c;}ri(l  l)oavicst  at  the  oflgo  of  tho  Ian!',  'llijy 
pi.iy  lrav(!  tx-cn  p.irfly  (Inn  to  the  natiirn  of  v/;Uor  d j str  i hit  t i on  from  tin,*  .smokrcconl  rol  ’.va'cr 
nozzli',  l)nl  it  is  also  prohablf’  that  :;r)m(;  oil  vaporization  took  place  from  tlie  tank  v/a  1 ) , 
whitli  hncar’.n  luit  (■non(;Ii  to  burn  oif  paint.  An  tbi.'i  wall  was  only  1/8-lncii  thick,  heat 
I was  not;  condnetnd  rapidly  into  the  water. 

In  an  .ittnnipl  to  rnduc(!  snioke  from  wall  effects,  a wat('r-spray  r i nj'  was  placed 
arr'.nnd  the  lank,  with  jets  of  v/ater  directed  afpainst  tlie  outside  of  the  tank  above  llic 
vnilnr  level.  With  tin's  spray  rinjj  In  operation  tlie  smoke  level  was  reduced  .sfenl  f leant  ly, 
Slean  and  watc'r  from  l.lie  external  spray  was  induced  into  the  fire  by  air  convection,  re- 
inforcin;;  I !ie  internal  watiir  spray.  'I'lils  effect  mljjlit  not  occur  with  a heavier  walled 
lank,  in  vdiirli  tiie  tank  wall  would  be  cooled  by  conduction  to  the  tank  water. 

Effect  of  Klevattnl  Water  Temperatures 

it  lias  lieini  oliserved  that,  after  a few  burns,  the  oil  In  a fire  simulator  iyjnltes 
l.istcr  and  bums  v/itii  a larjjer  flame.  Tills  is  probably  an  effect  of  an  incre.ase  in  oil 
, and  water  t'fnpi raturcs . To  investigate  the  effect  of  water  temperature  on  ignition  and 

lairning,  two  gas  iiurners  were  installed  in  the  6-foot  fire  tank  for  heating  the  water. 

Tlie.'jo  fired  into  6-incIi  pipes  that  were  installed  across  the  tank  near  the  bottc.a.  in 
ignitii.n  trials  .it  water  temperatures  of  60  F,  120  K,  and  190  F,  the  differences  in  igni- 
tion and  in  burning  were  ratlier  small.  Witli  190-F  water,  tlie  oil  fire  was  sliglitly  larger 
- ind  more  intense  than  with  60-F  water,  and  tlie  ignition  ga.soline  seemed  to  vaporize  and 

liuni  nomevdiat  iiiore  guiekly,  hut  tlie  effects  viere  not  very  significant. 

It  app'-ars  that  tiie  oil  film  actually  bolls  after  a minute  or  so  of  tiring  at  any 
water  |•empera  In  re . Tlie  initial  boiling  point  of  the  No.  2 fuel  oil  is  about  -00  F,  indi- 
cating that  the  surface  of  the  oil  Is  much  hotter  than  the  water,  'I'bus,  the  di i'fiirences 
in  liurning  ( liarac  ter  i sties  oliserved  after  a fev)  burns  were  probably  the  result  of  lii.gli 
I oil  surface  t.i  nipera  Lure , and  did  not  re(|ui  re  high  water  temperature.  Actually,  the  water 

temperature  1 Inch  belov/  the  surface  of  the  6- foot  fire  tank  never  increased  more  than  10  t 
duriiii'  a long,  series  of  ignitions,  althougli  tlie  oil  surface  appeared  very  liot. 


Burning.  Rates 


An  att'-mpt  vias  made  to  determine  approximate  burning  rates  by  .neasuring  the  time  re- 
qui  ri'cl  for  liurnonl.  of  injected  gasoline,  and  of  a 16-pound  layer  of  No,  2 fuel  oil.  Itow- 
evi^r,  tlie  measurements  wore  not  very  consistent,  as  they  depended  upon  a definition  of 
hurnout.  In  general,  combustion  proceeded  at  a high  and  nearly  constant  rate  for  a tim.e, 
after  wliicii  Itie  rate  fell  riuickly  to  a low  level  and  continued.  In  one  test,  for  exaniple, 
16  pounds  of  oil  and  3 pounds  of  gasoline  burned  at  a high  level  for  3 minutes,  following 
vjbich  a small  fire  around  the  rim  of  the  tank  persisted  for  an  additional  2 minutes.  The 
rates  for  varfous  ignitions  varied  from  100  to  300  Ib/hr  for  tlie  28.3  ft^  burning  surface-- 
erpiivaleiit  to  values  of  3 to  10  Ib/lir  per  ft^. 

Effects  of  OIL  Thickness 


All  of  l-lie  viork  discussed  to  this  point  was  vii  th  oil  layers  1/8  to  1/4  Inch  lliick. 
This  thickness  v;as  used  lor  convenience  In  making  burns,  then  burning  out  remaining  oil 
so  that  changes  could  bo  made.  In  a check  run  with  an  oil  thickness  of  2 inches,  igni- 
tion and  burning  were  considerably  different. 
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Onff  r.ajcr  fl  i f f '.Tcnci'  was  that:  injir.tinfj  1 to  2 poiirid.s  of  ,^aso!ino  provided  <’y.r.o  i ! .-n  t 
i ^ Itio.i  witli  a l/.'*-inch  layer  of  oil,  but  ip,nitlon  with  a 2-inch  layer  waij  very  clow. 
Apyar-.  lit  ly  the  sjasoline  ir.i.<'d  witii  tho  oil  during  injection  and  did  not  vaporize  and  biirri 
i - .diately.  It  was  necessary  to  increase  tlio  gasoline  quantity  to  b pound.';  for  good 
’.,nition,  but  tlane  d .■  V': Ifg'r.vn t .still  rc'iuired  to  60  seconds.  O.ice  developed,  the 
was  diffifult  to  ezt  i ngu  i .sh  because  of  the  large  amount  of  gasoline  in  t Im  oil. 

Cnee  -.uch  a :;ja.sol  i ne-oi  1 mixture  had  b..'en  established,  however,  ignition  was  obtained 
ith  as  little  as  1/2  pound  of  gasoline. 

it  did  not  appear  possible  to  burn  all  of  tho  gasoline  out  of  the  oil,  a.';  eh'.<  h'-d  by 
t’.e  difficulty  of  extinguishing  the  flame  with  the  built-in  extinguishment  noxxles.  w'iien 
,;asolino  was  present,  small  flames  remained  at  the  void  around  each  ey, tingu ishc.ent  r.ox/le, 
a.-d  t'lC.se  flai.'ies  then  spread  rapidly  to  reignite  the  fire  when  water  flow  stopped.  After 
:r;t,  or  all,  of  the  gasoline  was  burned  out  of  a mixture,  the  flame  extinguished  quickly 
-.rd  'lid  not  reignito.  In  tests  with  thick  oil  layers,  once  gasoline  ccnt.nt  of  c!ie  oil 
b- came  high  it  was  necessary  to  burn  all  of  the  oil  to  i-liminate  all  of  the  gasoline. 


tARGK-SCALG  STUDIES  WITH  15-FOOT  FIRP.  TANK 

Descripti  on  of  15-Foo t i*i  re  Tank 
I 

The  15-foot  fire  tank  erected  at  iJattellc  was  designed  to  duplicate  the  dimer, cions 
o;  th.e  13-font  tank  at  the  h’orfoJk  h'ava  1 .Station,  including  diamuter,  heights  abov.'  the 
li'-.uid  level,  and  spacing  of  water- spray  noxxles  for  .smoke  suppression.  However,  the 
''•■•'t-  lle  tank  was  made  8 Inches  deeper  to  provide  extra  water  storage  If  neederl  for  fire 
f:  ;,!itir.g,  and  the  liner  of  the  Battollo  tank  extended  only  9 inchn.:  bclov;  the  liqiud  level 
to  facilitate  installation  of  piping  through  the  tank  wall.  Tl;e  :.>!:< inairri  water  depLii  of 
U'  inches  was  limited  by  spillover  through  eight  rectangular  ports  spaced  around  the  peri- 
ph-ry  of  tlio  tank.  A Dwyer  liquid- level  controller  of  the  same  design  /is  that  us^d  at 
.'.'crfolk  was  used  to  control  water  level, 

Fi:;ure  3 shows  the  dimensions  and  struetnrai  details  of  the  13- foot  teiik. 

Figure  U is  a photograph  showing  the  general  arrangement  of  the  IS-foot  tank,  .ind 
Figure  3 shows  the  internal  piping  and  underviater  catwalk,  Fiv<'  separate  piping  systems 
were  installed,  as  follows: 

(1)  A smoke- suppression  water-spray  system,  having  four  spray  nozzles 
•..qually  .spaced  on  a circle  of  6-3-inch  radiu.s,  with  a nozzle  at  the  center. 

Each  nozzle  is  a .Spraying  Systems  Corporation  Model  No.  8686-1/3-1  nozzle 
which  d.  1 i vers  a 180-degree  spray  at  2 gpm  witli  30  psi  water  pre'ssure. 

(2)  Piping  for  four  gasoline- in jection  points  equally  spaced  on  a circle  ot 
3. 3- foot  radius,  as  recommended  by  IITRI.  Or.e- inch  pipe  is  used  in  this 
system. 

133  A single,  larg.e  gasoline  injector  at  the  center  of  the  tank,  piped 
'With  two-inch  pipe,  for  use  in  developing  a one-injector  system, 

3)  Electrical  conduit  to  support  five  spark  p1ugs--one  at  each  gasoline 
injection  point, 

13)  An  exterior  ring  of  2- inch  pipe,  connecl.od  with  eight  large  Llat-.spray 
nozjl'  S use<I  to  extlnguisii  the  fire  after  each  burn.  Extinguishing 
•water  is  taken  from,  the  bottom  of  the  tank  and  pumped  to  the  spray 
nozzles  by  a purp  rated  at  180  gpm  at  20  psi.  The  p'jir.p  and  spray  ring 
Ccin  be  .seen  in  Figure  2.  (This  spray  system  extinguished  oil  fires 
within  2 seconds.) 
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FTGURR  5.  VIEW  OF  IS-FOOT  FIRE  TANK  SHOWING  INTER.'TIL  ARRANGEMENT 


KIGIIRE  6. 


OUTSIDE  VIEW  OF  IS-FOOT'  FIRE  TANK  SHOWING  rCNITTON 
TRANSFORMERS  AND  GOKTROE  VALVES 
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FIGURE  7.  OVERALL  VIEW  OF  IS-FCOT  FIRE  TANK  AND  ITS  EQUIPKENT 


I 


1.  iS-ft  fire  tank 

2.  10  X 10  ft  control  building 

3.  Gasoline  feeder 

4.  Gasoline  storage  drums 

5.  275-gal  fuel  oil  tank 

6.  Conduit  for  wiring  and  piping 

7.  Ignition  transformers 

8.  Water  pump  for  fire  extinguishing 

9.  Tank  drain 

10.  Grating  catwalks  under  water  surface 
12.  Crushed  stone  pad,  20  x 60  ft. 


FIGURE  8.  ARRANGEMENT  OF  15-FOOT  FIRE  TANK  AND  ITS  EQUIPMENT 
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A cross-sfiapf'fl  catwalk  12  in.hea  wide  is  installed  8 inches  below  tlie  lirjuid  I eve ' 
to  provide  access  to  all  Installed  equipment  without  dropping  the  liquid  level. 

Figure  6 is  a view  o£  the  outside  of  tlie  tank  showing  general  arrangement  and  appear- 
ance. The  high-voltage  spark  transformers,  and  the  manual  and  solenoid  valves  used  for 
control  of  gasoline  flow  and  water  flow  can  be  seen  at  the  center  of  the  picture. 

Figure  7 is  a photograph  of  the  overall  installation. 

Figure  8 is  a sketch  showing  the  general  arrangement  of  the  fire  tank  and  its  support- 
ing efjuipraent,  winch  included  a small  steel  building  in  which  controls  were  mount'vl,  a 
gasoline  feeder,  and  storage  for  gasoline  and  fuel  oil.  The  apparatus  was  installed  on 
a 20  X bO-foot  pad  of  crushed  stone. 


The  Ga sol Ine-In ject ion  System 


The  first  gasoline-injection  system  used  with  the  15-foot  fire  tank  was  a pressurixed 
tank  of  gasoline  mounted  on  a scale.  The  quantity  of  gasoline  Injected  was  determined  by 
tlu;  tank  pressure  and  by  the  period  during  which  a solenoid  valve  between  the  tank  and  the 
gaaolincj  injector  was  open.  Such  a system  was  not  considered  for  the  Norfolk  ln<taUation 
because  of  safety  considerations;  it  appeared  that  any  sol enoid-va Ive  leakage,  or  failure 
of  a solenoid  valve  to  close,  could  result  in  Injection  of  excessive  gasoline  into  the 
siriilator.  Accordingly,  a different  system  utilizing  injection  from  a small  hydraulic 
accin.ulator  was  developed  as  a prototype  for  the  Norfolk  installation  and  proved  by  opera- 
tion in  tire  15- font  fire  tank. 

Figure  0 sliows  the  arrangement  of  the  accumulator-type  gasoline  injection  syst'c;  used 
on  the  15- foot  fire  tank.  Gasoline  was  pumped  from  a storage  tank  by  a 5 gpm  gear  pump, 

passed  through  a pressure  regulator  that  controlled  pressure  at  25  psi,  and  charged  into 

a 5-.;al!on  bladder-type  hydraulic  accumulator  prechargod  with  nitrogen  at  16  psi.  During 
. ach  rperating  cycle  the  gasoline  pump  was  operated  until  the  accumulator  was  charged  to 
t!',e  /,a  ,o  1 i ne- rc/u  I ator  controlled  pressure,  at  whicli  time  the  accumulator  contained  6 
pninds  (1  gallon)  of  gasoline.  This  took  12  seconds,  but  the  pump  could  be  run  longer 
without  chfngliig  the  amount  of  gasoline  injected;  excess  gasoline  would  be  by-passed 
through  the  pres-ure  regulator  hack  to  the  storage  tank.  With  the  accurrmlator  charged, 
tl'.e  gasoline  injector  was  opened  by  energizing  the  solenoid  valve  that  admitted  nitrogen 

to  the  actuating  piston.  The  spark  system  was  then  energlz.ed,  and  gasoline  was  injected 

by  .,p.’nin  ; the  sob  noid  valve  at  the  accumulator  outlet.  This  dumped  the  entire  quantity 
of  gasoline,  in  t'.e  accu",\ulator  through  the  injector.  The  solenoid  valve  and  the  gasoline 
inji'.ctor  were  then  closed  until  the  next  cycle. 

This  system  was  installed  in  the  15-foot  fire  tank  and  used  for  100  ignition  cycles. 
Tt  proved  very  consistent  in  operation.  The  bladder  pressure  was  adjusted  to  the  level 
needed  for  completing  gasoline  injection  within  1 second,  and  the  pressure  regulator  was 
adjii5;t>’d  to  charge  6 pounds  of  gasoline  to  the  accumulator  per  cycle.  The  quantity  of 
gasoline  charged  could  bo  adjusted  easily  by  changing  the  setting  of  the  pressure  regu- 
lator. The  gasoline  supply  ' ank  was  mounted  on  a scale  for  these  experiments. 

ft  is  believed  that  this  system  provides  adequate  safety  for  the  Norfolk  installa- 
tions by  limiting  Llie  possibility  of  accidental  gasoline  leakage  into  the  simulators. 
During  normal  operation,  only  the  quantity  of  gasoline  stored  in  the  accumulator  can  he 
injected  into  the  simtilator.  T.'- akago  of  the  solenoid  valve,  for  example,  can  take  place 
only  during  the  charging  period  of  a ffw  seconds,  and  cannot  change  greatly  the  amount  of 
g.i.sr.l  i re  injecifd;  at  other  times  the  gasoHne  system  Is  not  pressurized.  .At  the  end  of 
the  cycle  the  gasoline  injectors  are  completely  sealed  so  that  gasoline  vapor  or  liquid 
cannot  seep  into  the  simulators  over  a period  of  time. 
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FIGURK  9.  SaiEyATIC  ARRy'uN'GBMENT  OF  GASOLINE  INJECTION  SYSTEM 


FIGURE  10.  GROSS  SECTION  OF  GASOLINE  INJECTOR 
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Te?>ts  oF  O.u'i-Opcra  d Onsolinn  T g j cc  t or 

Fi?,iirf:  iO  is  A cross-.sc'cr  ion.i  I.  vif'w  of  tlio  gas- opera  Led  gasoline  injector.  A gas 
piston  at  t!\e  bottor.i  of  the,  injector,  sealed  with  an  0-ring,  raises  the  poppet  val;e  at 
tiie.  top  of  the  injector  for  a few  seconds  during  the  injection  period,  after  whicli  the  gas 
pressure  i.s  vented  and  the  poppet  closes  to  seal  the  gasoline  from  leakagt>  out  of  the  in- 
jector. 

The  area  of  Llie  piston  is  larger  than  tl.o  area  of  the  poppet,  so  tiiat  increasing 
,:isolino  pressure  has  the  effect  of  increasing  the  sealing  force  on  Llie  poppu  t- va  I'/e 
0-ring  seal.  The  areas  art!  such  that  7.0  psL  gas  pressure  will  open  th.;  poppet  whe^n 
gasoline  pressure  is  T6  psi. 

After  a few  minutes  of  operation  as  first  constructed,  tlie  0-ring  seal  friction 
icicreased  to  the  extent  tliat  the  poppet  could  not  operate.  It  was  apparent  that  gasoline 
lubrication  was  not  adequate  for  the  normal  "squeeze"  specified  for  iiydraullc  systems. 

Ti'.e  0-ring  groove  was  deepened  :o  provide  only  0.005-incli  compression  of  the  0-ring, 
following  which  the  injector  was  cycled  through  18,000  operating  cycles  at  a rate  of  10 
per  minute  while  filled  witli  gasoline.  No  gasoline  leakage  into  the  ac tua t i ng-a Ir  space 
cccurred  during  this  time,  and  operation  appeared  entirely  satisfactory. 

Tlio  consumption  of  operating  gas  was  very  small.  Diiring  operation  in  wiiich  tlic 
poppet  mechanism  was  cycled  18,000  >•  imes--eciuivalent  to  10  operations  per  day  for  six 
ycars--lcss  than  a quarter  tank  of  nitrogen  gas  was  used,  Ttius,  it  is  feasible  to  use 
a nitrogen  tank  for  poppet  actuation,  A standard  180  ft^  tank  of  nitrogen  cost  $4  in 
June,  1972,  so  that  operating  cost  would  be  nominal.  Actual  gas  f.ovisur.ption  at  i large 
installation  woule]  be  higher,  as  supply  piping  would  be  filled  during  each  cycle. 

Pressure  drop  and  flow  disttribution  from  tlie  injector  were  checked  by  flowing  water 
througli  it.  Pressure  drop  closely  cliccked  calculated  values,  and  the  radial  distribution 
of  water  appeared  uniform. 


Thu  Spa rk- Ign i t i on  System 

System  Di:!velopment 

An  electrical  s park- i gn  i L i on  system  is  used  to  ignite  the  gasoline  as  it  i.s  i n- 
j-’Cted  into  the  simulator.  Ignition  take.s  place  when  tlie  wave  of  flowing  gasoline 
readies  the  spark  gap,  and  the  fire  immediately  flaslies  over  the  entire  gasoline  sur- 
face and  grows  as  the  gasoline  wave  advances  over  the  oil  surface.  The  electrical  com- 
ponents include  a liigli-vol  tage  ignition  transformer,  a heavy-duty  gas-turbine  spark  plug, 
sad  waterproof  conduit  connecting  tiiem.  An  ammeter  in  the  primary  of  the  transformer 
'.•■ill  indicate  secondary  current,  which  is  the  sjime  for  an  arc  or  a shorted  gap. 

Tile  Spark  Gap 

Experimental  ignitions  v;ere  begun  using  an  automotive- typo  spark  plug  with  extended 
■lectrcd>s,  but  these  proved  unreliable  as  they  were  frequently  sliorted  by  capturing  a 
drop  of  water  between  tiie  electrodes.  Altliough  tlie  plug  would  usually  clear  itself  of 
water  within  a few  seconds,  ignition  failures  occurre;d  about  10  percent  of  the  time. 
Accordingly,  otli<-:r  spark  plugs  and  spark-gap  arrangements  were  tested  in  the  laboratory 
by  imr’  rsing  tliem  in  a pan  of  water  while  firing,  and  sprinkling  them  wi  tli  water  before 
and  during  firing.  Tiicy  were  also  immersed  for  several  days  at  a time,  Llien  fired. 

S- ven  different  typo.s  of  heavy-duty  gas  turbine  igniters  and  several  industrial- type 
spark  pliig.s  were  evaluated  and  one,  the  Champion  Fo47-ll  gas-turbine  igniter,  proved 
entirely  satisfactory  and  greatly  superior  to  all  othcr.s.  This  igniter  was  install'd 
ir.  the  15-foot  fire  lank  and  used  Cor  100  ignition.s  without  one.  failure. 
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Tho  P'.SAV'll  ignitor  has  a central  electrode  that  terminates  la  a 1 /4- i nch-d  i ar.ie  t or 
cylinder,  in  turn  centered  within  a tube  of  l/2-inch  ID  and  7/8-inch  00.  The  0.125- 
iuch  space  between  the  tube  and  the  center  electrode  is  great  enough  that  water  cannot 
bridge  the  spark  gap,  but  falls  through  without  shorting  the  arc.  A 7/l6-inch  hole 
throiigh  the  side  of  the  outer  tube  provides  for  equalization  of  the  water  level  inside 
ar.<l  outside  the  tube,  so  that  water  cannot  stand  in  tlie  tube  and  cover  the  top  edge. 

The  top  of  the.  spark  plug  is  placed  about  1 inch  above  the  surface  of  tho  oil  and  water 
in  the  simulator. 

The  Tgnit ion  Transformer 

four  identical  ignition  transformers,  one  for  each  igniter,  were  used  in  tho  15-foot 
fire  tank.  The  transformers  were  standard  oil-burner  ignition  transformers  which  have 
undergone  extensive  development  for  extremely  high  reliability,  and  no  difficulty  has 

been  experienced  with  any  of  the  transformers  in  tho  course  of  the  experimental  program.  i 

The  transformer  operates  with  a primary  voltage  of  110  volts  and  a primary  current  that 
varies  from  O.iO  ampere  with  an  open  secondary  to  1.5  amperes  with  an  arc  in  the  secon- 
dary circuit.  The  secondary  operates  at  8,500  volts  and  20  milliamperes,  either  shorted 
or  with  a normal  arc.  The  transformers  used  in  the  Batteile  experiments  were  Webster- 
Kloctric  Type  822-bA06. 

Spar k - De  tec  t i on  Ammo  ter 

Because  of  the  large  difference  between  open-circuit  current  anti  normal  current  tor 
the  ignition  transformers,  an  ammeter  can  be  used  in  tho  transformer  primary  circuit  to  i 

indicate  prop'T  firing  of  the  spark  plugs.  The  transformer  primary  current  is  only  0.1  ’ 

ampere  when  the  spark-gap  circuit  is  open,  and  1.5  amperes  with  a normal  spark,  Kowevi’r, 
pri-ary  current  is  also  1.5  amperes  with  a shorted  spark  gap,  whl  h occurs  if  a drop  of 
wat'-r  hrid'.'.es  tlie  electrodes.  Since  shorling  of  the  spark  gap  is  highly  undesireable 
b'rausi’  ignition  doi-s  not  occur,  considerable  effort  was  directed  toward  obtaining  a 
spark  gap  that  does  not  short  with  water,  and  no  shorting  has  been  experienced  at  Batteile 
with  the  present  gas-turhine  igniter.  It  appears  satisfactory  to  use  only  one  ammetrir  for 
all  transformers,  as  normal  readings  will  be  8 amperes  for  the  two  transforr-ers  in  15-foot 
taik-fir-'  simulator  and  9 amperes  for  the  6 transformers  in  engine-room  simulator;  a 
change  of  1.5  amperes  from  either  vahie  would  be  easily  seen  on  a 10-ar.ipere  meter. 

I.-  id-Wire  Capacitance  ' 

In  designing  the  Mnrfolk  Ignition  systems  there  was  some  concern  about  the  effect 
of  capacitance  in  the  high-voltage  igniter  leads  if  the  transformers  wore  located  50  feet 
or  more  from  the.  spark  plugs,  Accordingly,  the  ignition  system  was  checked  with  iOO- 
fcot  leads,  with  two  50-foot  leads  taped  together,  and  with  the  taped  50-foot  leads 
coil'd  into  a sm.a  1 1-d iameter  coll.  The  sparks  obtained  at  tho  spark  plug  were  all  more 
int>'nse  that  those  with  short,  low-capacitance  lead  xjiro.  Primary  current  to  the  trans- 
former Increased  under  conditions  causing  more  intense  sparks. 

Ignition  Studies  in  15-Foot  F ire  Tank 

(f--;)arison  of  l-Tnjector  and  4-Iniector  Systems 

The  15- foot  tank  was  set  up  for  gasoline  injection  through  four  injcctor.s  located 
on  a 128-inch  circle,  as  recommended  by  and  also  fc.  Injection  through  a single 

larger  injector  at  the  center.  The  principal  objectives  of  Ignition  studies  in  tho  1 j- 

foot  fire  tank  were  to  compare  these  two  injection  sy.stems,  and  to  deter  no  optimum  In- 

jection and  ignition  conditions  for  the  best  system. 

Work  was  begun  by  firing  gasoline  directly  upon  tho  water  surface,  with  no  oil  pre- 

•sent.  It  was  found  that,  with  the  four- injec tor  .system,  complete  merging  of  gasoline 

flamc.s  Could  be  obtained  by  injecting  6 to  8 pounds  of  gasoline  in  I second.  With  the 
larger,  single  injector  at  the  center,  complete  coverage  was  obtained  by  injecting  only 
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i to  4 pounds  of  fjar.olini-.  In  this  rospect,  tho  single  injector  appeared  to  provide  I'qiial 
flame  coverage  with  less  fuel.  The  fire  obtained  witli  the  single  large  injector  was  also 
considerably  larger  tiian  th"  four  smaller  fires  formed  with  four  injectors.  A spare  plug 
near  i.'ach  injector  was  used  to  ignite  the  gasoline. 

ign  1 1 i on  yi_t!i  One  Ceri  t ra  1 f n j or.  t or  . in  oil  ignition  tests  with  a single  gasoline  in- 
j'lctor,  oil  lay^'ra  1 /d  to  l/V-incli  thick  were  used.  The  quantity  of  gasoline  needed  to 
form  a gasoline  fire  crmipletcly  covering  the  surface  of  the  tank  was  found  to  be  about  6 
pounds- - rough  I y twice  tfiat  needed  to  cover  the  surface  of  the  water  when  oil  was  net  pre- 
sent, '••/ith  sicca,  low  velocity  injection  over  periods  up  to  6 seconds,  the  flame  spread 
relatively  slowly  from  the  injector,  and  9 to  12  pounds  of  gasoline  were  required  to 
cover  the  tank  surface.  Time  for  full  development  of  an  oil  flame  was  about  30  seconds, 
llc.wever,  with  wind  velocity  of  10  mph , the  gasoline  was  pusiicd  to  the  leeward  side  of  the 
lank  and  did  not  spread  to  the  windward  side  until  a large  nil  flame  developed. 

Onsoline.  injection  at  higlier  velocities  over  shorter  periods  resulted  in  better 
cov.'ragc  of  the  surface  in  wind.  Best  results  were  obtained  when  injecting  6 pounds  of 
gasoline  within  1/2  second.  The  gasoline  flame  covered  the  surface  uniffirmiy  within  I 
second.  Height  of  a large  gasoline  flame  peaked  within  5 seconds  and  decreased,  then 
tlie  oil  flame  grew  full  size  after  a total  elapsed  time  of  about  30  seconds. 

Ign i t i on  W 1 th Four  injectors.  When  injecting  gasoline  from  fotir  injectors,  the 

optimum  conditions  of  velocity  and  injection  period  were  found  to  be  about  tho  same  as 
those  for  one  injector.  Injection  of  6 pounds  of  gasoline  (total)  in  1 second  or  less 
provided  cc  . Lete  flame  coverage  within  a second  or  two,  and  an  oil  flame  developed 
'■•ithln  30  Seconds,  Wlien  gasoline  was  injected  slowly,  the  effect  of  wind  was 
imail  because  gasoline  was  .upplied  on  the  windward  side  of  the  tank  and  it  burned  there 
as  well  as  at  ot’ncr  points.  However,  this  difference  was  not  significant  if  higii  injec- 
tion velocities  w>;re  used. 

The  rate  of  gasoline  burnout  was  checked  by  extinguishing  the  flame  13  seconds  and 
30  seconds  after  ignition.  Afler  tlie  13-second  extinguishment,  sufficient  gasoline  re- 
mained that  the  flame  could  be  rcignited  with  the  spark  plugs  and  remanents  of  flame 
croiird  extinguishment  nozzles.  After  the  30-second  period,  the  oil  could  not  be  re- 
ignited  without  injection  of  ...ore  ga.soline.  It  appears  probable  that  sufficient  gaso- 
line can  be  burned  out  of  the  gasoline-oil  mixture  during  each  cycle  that  tho  oil  residue 
v;ill  not  bo.  highly  f I .uij-.iab  lo , even  though  some  gasoline  may  remain  in  the  mixture. 

it  was  concluded  that  performance  of  the  single- injector  system,  using  one  injector 
and  0.11'  spark  plug,  twas  as  good  as  that  for  tho  four- in jec tor  .system  u.sliig  four  injiictors 
and  four  spark  plugs.  Accordingly,  tho  one-injector  .system  was  .sclec(;ed  for  further 
development  and  optimization  because  of  its  simplicity. 

0,Tt  ir.ization  of  Ignition  Conditions 

In  .sy.stematic  ignition  tests,  gasioline  presstire,  injection  period,  and  injector 
opening  were  varied  using  6 pounds  of  gasoline  per  cycle.  The  thickness  of  the  oil 
layer  was  1/8  to  l/A  inch  for  one  group  of  tests,  and  about  1-1/2  incli  to  3/4  incli  for 
a s.  cond  grotip  of  tests.  Casolitte  was  injected  through  a .single  injector  at  the  center 
of  the  tank.  The  optimum  injection  period  was  found  to  be.  between  1/2  and  1 second,  and 
tlie  optimum  injector  opening  v;a.s  1/4  to  3/3  inch.  Timing  of  water  spray  was  varied  be- 
Lwoen  starting  the  .spray  before  gasoline  injection,  to  starting  tho  spray  10  seconds 
after  gasoline  injection.  The  best  smokeless  ignition  occurred  when  the  spray  was  started 
about  five  seconds  after  gasoline  injection.  Good  ignition  could  be  obtained  with  either 
thick  or  thin  oil  layers.  However,  the.  thick  oi  I layer  required  more  gasoiiiiii  for  the 
first  ignition;  after  it  had  become  "primed"  with  gasoline,  subsequent  ignitions  ,;er-a 
about  the  same  as  for  a thin  nil  layer. 
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ti'.niiiiiri  './illi  .1  'Ifiin  Oil  Tor  op':  ra(;  i on  with  a l/'.-inch  oil  layc-r,  t!iO  b<-s,t 

i;;nit.ion  oouflit.ion  v/.t,  omo  in  v/liioh  t.lio  inji:ci>-'l  ;'a'iolino  follov.od  a radial  v/a/o  in 
oil  .>iifr;io<:  t<)  a 1 0- f ool.  <1  ian.o  Lor ",  if  tli':  injocnlon  tiro  //a-j  lon^thonc-d  Vo.yond  1 
■,<co!i<l,  I In;  flaino  dianiolnr  did  nr^L  i'ln///  (;rioii;;h.  With  oxcosaivo  injection  velocity,  ob- 
tained with  an  inj<f;lor  oinninj;  ol  than  I/O  inch,  r-.ixin;'  of  ;oa':olino  a..d  oil  i n- 

cr-.a',.  d and  i;;iiition  vya-;  not  ac  ;;ood  aa  with  lov/cr  volocitioa.  ir.Jcctton  •/■•iocLtio';  up 
to  100  fiji;t  per  i.ocond  wcri-  invoa  t i jjated . With  the  lO-ioot  diar.etc-r  f'atolino  flare,  the 
oil  flaiao  ;'ri;w  to  fill  the  tank  v/ithin  jO  r,econd'i.  Considerably  rore  ;;asoline  was  re- 
'i'jired  to  pre-ad  ;pi::olinf!  over  the  entire  tank  surface,  a;  th.e  spreading'  wave  of  ^iaso- 
l ; ne  was  a t teniiatefj'  in  the  viscous  oil  layer  to-  a much  ;;r';ater  extent  than  in  vyater 
alone-.  (in  pr-yvif/us  calibration  runs,  -aith  jjasolinfi  injected  over  water  alone,  the  entire 
tank  -.urface  coul<l  be  co'/ered  vyith  only  1 pyyundn  of  ;;asoline.) 

The-  ;pT:oline  flame  cov-rr-rd  the  oil  surface  to  a 10-fcot  diar-.-ter  in  X to  3 s-,cr,nds.  ^ 

T!.e  rale  of  ;'ro-wth  of  the  oil  t lame  then  see!n<-d  to  depend  al-.cst  entirely  upon  the  cate 
o:  -y/atec  .pray  used  for  smoke  oupprer; k ion . VJith  XO  {^pra  of  •--at-.c  spray  trim  th.e  start  of 
eyisoline  inj<;ction,  flame  ;'rovyth  rfvjuircd  60  to  90  seconds.  If  -..ater  spray  was  d<  layed 
ior  3 r.econds  Lite  oil  flame  developed  in  about  30  second,.  Tr.is  technique  appears  feasi- 
ble b'-cause  there  i-;  almost  no  smoke  durin;;  the  iirst  3 onds  aft'-r  j^asoline  inj-rction. 

1 

y\s  little  as  3 pounds  of  j^asoline  could  start  a fir--  and  brinj'  it  to  full  s i z-e . 

Ilc'-evi-.r , m,ir.i  pulation  of  water  spray  wari  critical,  and  the  Li;  ; for  1 1 ..r.e  de--/e  1 -paser.  t -vas 

about  90  seconds,  y\t  the  other  extreme,  ij'nition  was  not  - i ! leant  ly  bert-yr  witii  12 

p ends  of  ,qasolin*y  than  vyith  6 pounds.  The  optimum  ijasoli.  - ' a.;tity  is  probably  bet-,/.:en 
3 and  b pounds  depc-ndin;;  upon  conditions,  and  any  amount  in  t'.jt  rarq-e  produc-ys  satis- 
fr-  tory  i;;nitions.  The  optimum  water-spray  pr-  ssure-  during  t!  : irr.ition  peri-d  -.arics 
-.’itii  time  and  with  the  jjasoline  quantity  used. 

Tl:-:  (pisolini:  injection  pre-;sure  for  optimum  i;;nition  cordit-cn..  '..  y . only  16  psi. 

T-'.-y  ;,  It  should  be  possible  to  -aork  with  accumulator  pre:  s-cre  In  th-j  ra;,.;-.-  of  30  psi 

and  fpisoi i Illy- pump  pressure  in  the  same  range. 

Ivnition  With  a Thick  Oil  Layer.  Ignition  with  a thick  oil  layer  -was  studied  by 
, urip'  110  gallons  of  ofl  into  the  15-foot  fire  tank,  for  an  oil  layer  1-1/2  inches 
thick.  Tills  war,  used  until  it  burned  to  a thickness  of  3/4  inches,  after  vyhioh  more  oil 
.-.a-,  added  to  restore  tlie  oil  thickness  to  1-1/2  inches.  i>jring  these  tests  Che  -wind 
■’•  locity  ranged  from  4 to  10  miles  per  hour. 

Ignition  of  Liu;  thick  oil  layer  did  not  appear  to  diff-^r  greatly  from  ignition  of 
tbi:i  cil  l-ayers  much  of  tiie  time.  Ho-we-/er,  tliere  were  so~-3  differences.  For  example, 
t''-y  first  ignition  -with  fresh  oil  seemed  to  require  more  gasoline  than  subsequent  ig.ni- 
• inns.  Once  the  oil  had  been  "primed"  viith  gasoline  it  Ignit-.-d  readily  with  a 6-po'und 
'gasoline  injection.  After  some  of  the  tests  tlie  fire  vas  difficult  to  extinguish  with 
the  built-in  spray  system.  This  usually  indicates  that  gasoline  vapor  is  leaving  the  oil 
s-icfac'-;  this  vapor  is  easily  ignited  from  tlie  spark  plugs,  or  from  small  residual  flames. 

WI-,.-n  no  gasoline  is  present,  the  fire  does  not  rcignite  from,  the  spark  plugs. 

On  anotlier  day,  ignitions  v/ith  a thick  layer  of  oil  were  less  satisfactory,  in  that 
t':.-j  fla:--;  did  not  grt.w  to  a largo  size  with  20  gpm  of  vyater  spray.  Once  the  water  spray 
v.as  lur.ncd  cn,  the  fire  stopped  growing  or  developed  large  holes  around  spray  nozzles, 
in  oniy  test,  with  Large  holes  in  the  fire,  a second  charge  of  6 pounds  of  gasoline  w-as 
it  ject'd.  This  irnediately  fl.ared  up  in  a large  fire  that  remained  large  after  the 
ga-.olin-;  burned.  It  is  probable  that  ignition  under  these  conditions  required  either 
r.ore  gasoline  or  less  vyater  spray. 

In  all  ignitions,  regardless  of  oil  thlcknes-i,  tlie.  flov;  rate  of  smoke- suppressant 
•water  ;;pray  was  very  critical.  If  spray  v/as  near  16  gpm,  the  fire  developed  quickly 
a-cd  grew  large,  but  so-ic-times  smoked  rather  badly,  /vt  20  gpm,  the  fire  never  smoked 
h'Jt,  und'.-r  some  conditions,  the  gro'Wth  of  the  fire  war  arrested  and  it  .tever  grev;  larg.-. 

With  sli,,hLly  more  Lh.in  20  gpm,  the  fire  -would  gradually  go  out. 
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In  view  of  the  differences  in  ignition  and  burning  noted  from  day  to  day,  it 
appears  desircablc  to  provide  means  of  adjusting  both  the  quantity  of  gasoline  in- 
jected and  the  quantity  of  water  spray  used  for  smoke  suppression. 

Optimum  Oil  Thickness.  In  all  of  the  Battelle  experiments,  operation  using  thin 
oil  layers  (of  the  order  of  l/4-inch  or  less)  was  more  consistent  tlian  that  with  thick 
oil  layers.  It  was  concluded  that  thin  oil  layers  should  be  preferred  at  Norfolk  as  a 
way  of  minimizing  mixing  of  gasoline  and  oil,  and  any  problems  that  might  arise  from 
gasoline  dissolved  in  oil.  However,  in  subsequent  operation  of  the  prototype  ignition 
systems  at  Norfolk  it  v;as  found  that  thin  oil  layers  were  easily  emulsified  and  mixed 
with  water  by  the  action  of  high-pressure  fire  hoses,  and  tlien  did  not  ignite  well. 
TIius,  the  optimum  oil  thickness  at  Norfolk  proved  to  be  about  1/2  inch. 


Smoke  Suppression  With  Water  Spray 


A water-spray  system  identical  to  that  in  the  Norfolk  15- foot  fire  tank  was  in- 
stalled in  the  Battelle  15-foot  tank.  When  water  pressure  was  fixed  at  40  psi,  smoke 
suppression  was  erratic,  and  considerable  smoke  was  evolved  after  the  fire  grew  large.  / 

With  larger  water  nozzles  and  liigher  pressure,  smoke  could  be  controlled  adequately. 

Water  spray  from  the  five  nozzles  could  drive  the  gasoline  film  into  four  discrete  ■ 

pockets  at  the  edge  of  the  tank  under  certain  conditions  of  vjator  pressure  and  oil  thick-  j 

ness,  thus  greatly  increasing  the  time  required  for  flame  development.  These  undesiroable 
effects  were  most  apparent  when  spray  nozzles  were  close  to  the  vjater  surface  and  the  , 

spray  v;as  very  coarse  because  of  low  water  pressure.  With  good  water  atomization  and 
distribution,  and  optimum  water-flow  rates,  smoke  suppression  vjas  good  and  a large,  clean 
fire  could  be  obtained. 

Figure  11  shows  the  appearance  of  smoke  with  insufficient  smoke- suppression  water. 

Five  Spraying  Systems  Model  8686-1/4-1  (180°)  nozzles,  each  passing  2 gpm  at  40  psi 
were  used  when  this  picture  was  taken. 

Figure  12  shows  the  appearance  of  smoke  using  more  smoke-suppression  water.  For 
this  condition  tlie  center  nozzle  was  replaced  with  a larger  Spraying  Systems  Model  ' 

8686-1/4-2.5  (180o)  nozzle  passing  5 gpm  at  40  psi,  and  water  pressure  was  increased  to 
the  range  of  55  to  60  psi.  Total  water  flow  was  16  gpm,  and  water  atomization  was  greatly 
improved.  Smoke  level  appeared  completely  satisfactory,  measuring  about  No.  1 R-l  igleroan 
or  less  throughout  the  ignition  cycle. 

In  subsequent  operation  of  the  prototype  ignition  system  at  Norfolk,  it  was  found 
Lliat  best  ignition  and  smoko  suppression  throughout  the  ignition  and  burning  period  re- 
quired considerable  manipulation  of  water  pressure.  Water  admission  could  be  delayed  ‘ 

for  several  seconds,  until  the  fire  started  to  smoke.  Initial  water  pressure  of  about  ' 

60  psi  permitted  good  flame  growth  with  good  smoke  suppression  for  a few  seconds.  Then,  I 

as  the  flame  size  increased,  it  was  necessary  to  increase  water  pressure  up  to  a maxi-  I 

mum  of  120  psi  for  a fully  developed  fire.  Excessive  water  pressure  early  in  the  flame  ' 

development  resulted  in  a small,  poorly  developed  fire,  or  extinguished  the  fire.  With  ' 

careful  manipulation  of  water  pressure  it  was  possible  to  limit  smoke  to  about  No.  1 

Ringleman.  ^ 
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FIGURE  12.  LIGHT  SXOKE  FROM  OIL  FIRE  WITH  ADEQUATE  SMOICE  SUPPRESSION 
(16  spir.  water  from  four  and  one  S-gpiii  nozzles  at  55  to 


in  I 5- Foot;  f'irn  T/ink 


y>, 


fVmr,  hi r.  i fins  Pr^im  SliKlh-.n 


From  1 he  experiments  clescrilied  nhove,  th-  fol  lowing,  oonc  ) iin i ons  were  tJr.iwn 

(1)  Cood  iK"ilion  can  he  ohtained  nflin;^  a single  gasoline  injector  at 
the  tank  center  and  a sinj'le  higli- voltage  spark  plug. 

(/’)  If  oil  thickness  is  limited  to  the  range  of  1/3  to  1/4  inch,  ig.nition 
refpiires  the  injection  of  6 pounds  of  gasoline.  Ignition  can  he  c-,- 
tained  with  smaller  cpiantities  of  gasoline  hut  tlio  oil  flame  develops 
s 1 OX-;  1 y . 

('})  Good  smoke  suppression  throughout  the  ignition  cycle  has  heen  demon- 
strated. In  general,  smoke  levels  during  g-ssoline  burning  early  In 
the  cycle  are  often  lower  than  smoke  from  a fully  developed  oil 
flame. 

(4)  Tlie  spray  from  the  smoke-suppression  nozxle  array  affects  the  dis- 
tribution of  gasoline  on  the  surface  and  the  grov/th  of  the  oil  flame. 
For  quickest  development  of  a large  flame.  It  Is  necessary  to  start 
with  low  water  pressure,  then  gradually  increase  water  pressure  as 
flame  size  increases. 

C))  Good,  positive  ignition  of  gasoline  is  ohtained  with  a hifjh- vol  tage 
spark  So  long  as  the  arc  is  not  quenched  by  immersion  in  water  and 
oil.  To  avoid  arc  ([uenching  under  all  conditions,  some,  redundancy 
of  spark  plugs  appears  desircahle,  and  some  improvement  in  tlic;  nature 
of  the  spark  gap  seems  necessary. 


On  the  basis  of  satisfactory  results  ohtained  in  the  15- foot  fire  tank, 
work  on  engineering  design  of  systems  for  the  Fleet  Training  Ce.nter  at.  Morfolk 
b'gun. 
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PART  II  ENGINEERING  DESIGN  OF  PROTOTYPE  AUTOMATIC  SMOKELESS  IGNITION  SYSTEMS 
FOR  FLEET  FIRE-FIGHTING  SCHOOL  AT  NORFOLK  NAVAL  STATION 

rNTRODi:cT;o,'( 

This  ts'ik  w.is  conrcrru'fl  witli  f-np,  i nff  r i dcsipn,  rnn.st  met  ion  , and  initial  opera- 
f ion  of  a sroko  I nss , automat  in  ipnition  system  for  two  fim  simulators  at  tlio  F'l>'ot  Kira- 
riplitinp  School  of  the  Morfolk  Float  Training  Cantor.  Two  antomatie,  smokoless  systems 
s'-irinp  the  same  pasolino  pump,  fuel-oil  pump,  and  control  console  t--aro  Hesipnad,  f<ne  for 
the  anpine-roon  simulator  and  one  for  the  15-foot  tank.  Roth  of  t’nase  simulators  ware  al- 
ra.-.dy  fittofl  with  5!moka-supprass  i np  water-spray  systems,  which  ware  used  in  conjunction 
with  tile  ipnition  .systems. 

Dt:S[GM  CONSfiJERATiONS 
Dt^sipn  Objact^iva 

Tlia  objective  of  the  smoke  1 es.s , .lutfmiatic  ipnition  system  is  to  provide  for  con- 
'/•niant,  safe,  and  reliable  ipnition  of  fire  simulators  with  minimur.  smoke.  in  tlie 
ci.  ;rsa  of  the  desipn  work  considerable  effort  was  applied  to  cons i de rat i on  (T  safety 
ard  reliahility,  as  well  as  to  th('  effectiveness  of  smoke  suppres.sion  and  the  conven-- 
ifnee  of  operation.  it  is  believed  that  the  system  that  evolved  is  safe  and  relia!)le. 

Op  e r ;i  t i n p i’  r i n c i p 1 <■  s 

'Ihe  peneral  approacli  used  in  desipn  of  the  smokeless  ipnition  system  is  to  inject  a 
<■  ill  amount  of  pasoline  over  the  surface  of  the  oil  to  be  ipnited,  and  ipnite  tlie  paso- 
li"e  with  an  electric  spark.  The  amount  of  pasoline  used  is  near  the  minimum  that  will 
pr  vide  p.ood  ipnititni  and  flame  prowth  with  the  smoke.-suppress  Inp  spray  in  operation; 
hnrnoul  of  paioline  should  be  completed  by  the  time  the  oil  flame  grews  to  full  size. 

T'...’  thifkness  of  the  oil  layer  is  maintained  at  the  minimum  practical  level  of  1/4  to 
1/2  inch  by  nplacinp  the  oil  burned  in  each  ipnition  cycle  by  frequent  injections  of 
srall  amounts  of  oil.  Control  of  these  functions  has  been  centralized  in  a control 
console  providirip  for  either  automatic  or  manual  operation. 

Two  automatic,  smokeless  ipnition  systems  sharinp  the  same  pasoline  pump,  fuel-oil 
pi’.mp,  and  control  console  were  designed,  one  for  the  engine-room  simulator  and  one  for  the 
'5-foot  tank.  The  two  systems  are  the  same  in  principle  but  differ  in  size:  the  surface 
a.rea  of  tiie  enp i ne-room  simulator  is  six  times  as  great  as  tliat  of  the  JS-foot  tank.  The 
op-;ratinp  cycle  for  both  simulators  Is  the  same,  but  llie  time  periods  requireri  for  oil  in- 
jection and  charging  of  pasoline  accumulators  differ.  The  cycle  is  as  follows: 

(1)  Oil  is  Injected  before  each  cycle,  if  needed,  to  restore  oil  thickness  to 
tile  desired  level.  Use  of  automat icaJ 1 y timed  oil  injection  permits  ad- 
dition of  small  quantities  for  operation  with  a constant  thickness  of  oil 
1 ayer . 

(2)  Gasoline  is  charged  to  an  accumulator  by  a pasoline  pump,  operating  at  a 
regulated  pressure  so  that  the  pasoline  charge  is  controlled  closely. 

(i)  The  spark  Igniter  is  energized. 

(5)  The  poppet  valve  In  the  gasoline  Injector  Is  opened  to  prepare  for 
gasoline  injection. 

(5)  Gasoline  is  injected  by  opening  a .-olenoid  valve,  which  dumps  tlic  pres- 
surized gasoline  stored  in  the  acciimul  ator  tliroiigh  the  injector.  The 
gasoline  lights  immediately  and  covers  th.c  simulator  surface  quickly. 
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(6)  Flow  of  f.moke-siippross  inp,  water  is  started  by  opcninp  i solenoid  valve. 

Flow  of  water  is  adjusted  manually  as  tlie  fire  prows, and  stopped  at  the 
end  of  the  eycle. 

(7)  The  fire  is  ’n  30  to  60  seconds  to  prow  larpe, after  wliich  it  Is 
ext i npuisheo . 

Altiiouph  the  system  is  desipned  for  automatic  operation,  variations  in  fuel  quality 
and  weatiier  conditions  can  be  accommodated  by  adjustments  in  tiie  antnints  of  oil,  p.asoline, 
and  water  injected.  in  addition  to  the  automatic  operatinp  cycle,  manual  operation  is 
po;5;ible  for  component  nhetkinp  and  for  added  flexibility  of  operation. 


S a f> ty  Cons iderat i on s 

A prim.iry  'afety  objective  was  positive  control  of  pasoline  flow  to  the  enpine-ror.m 
'.i  al  it  .r  t f>  eliminate  any  possibility  of  an  explosive  mixture  of  pasoline  vapor  and  air 
u:  d.r  . .i'/  conditions.  Desipn  features  selected  for  positive  control  of  pasoline  inc'"f;r.,i 
the  foil ow i np : 

fl)  A pasoline  injector  havinp  a nitrogen-operated  poppet  valv-  scaled  with  .in 
0-rinp  was  developed  to  eliminate  the  possibility  of  !e;iknpe  of  pasoline 
lifluid  or  vapor  into  the  simulator  under  any  conditions. 

(?)  flasoline  to  be  injected  is  metered  by  charging  an  accumul.itor  of  limiti'd 
volume  to  a preset  pressure,  and  injected  by  dumping  the  .icciiiu  1 .itor . 

This  eliminates  the  possibility  of  charging  an  excessive  quantity  of 
pasoline  because  of  malfunctions  such  as  val'  leakage,  or  failure  of 
.1  timer  or  pressure  regulator. 

f3;  Ihe  quantity  of  g^isoline  to  bf^  injected  is  minimized  by  using  i he  optimun 
injection  velocity  anfl  flow  rate,  so  that  all  of  the  pasoline  injected 
is  burned  during  the  ignition  cycle. 

('i)  The  retention  of  iinburnf'd  gasoline  in  the  fuel  oil  is  minimized  by  using 
the  minimum  practical  amount  of  fuel  oil  in  the  simuliLor.  This  is 
(■(piivalent  to  a thickness  of  about  0.5  inch,  as  limited  by  er.u  1 s i f i cat  i on 
by  fire  hf)ses.  The  use  of  thin  oil  layers  is  made  practital  by  an  auto- 
matic o i 1 - i n jec t i on  system. 

Other  safety  measures  were  use  of  highly  reliable  spark  plugs  for  ignition,  in  com- 
bination with  an  ammeter  to  indicate  proper  operation  of  tlie  ignition  t ransf orrers , the 
use  of  explosion-proof  electrical  equipment,  and  the  use  of  appropriate,  safety  inferloeks 
in  the  control  circuits. 


0_t he r Resign  Const tyi^ijut^ 

Design  of  the  ignition  systems  was  influenced  by  the  r qulrement  for  quick  installa- 
tion with  minimum  disruption  of  the  fire-fighting  school,  high  reliability,  simplicity 
of  maintenance,  and  economical  operation. 

Quick  construction  and  installation  of  the  system  required  use  of  standard,  readily 
available  components  to  the  extent  possible;  design  for  the  minimum  number  of  gasoline 
injectors,  oil  injectors,  and  spark  plugs;  and  use  of  a relatively  sim.ple  piping  system. 
The  relatively  complex  control  wiring  was  localized  VJithin  a prefabricated  control  con- 
sole using  standard  industrial  grade  components  that  are  readily  available  and  hiplily 
rel i ab 1 e . 

Reliability  was  approached  by  use  of  reliable,  heavy-duty  industrial  component.'} 
having  a low  probability  of  failure,  and  by  making  the  system  as  simple  as  possible  r on- 
sidering  the  functions  to  be  performed. 
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Kasf;  of  r,vi i nt  cnanco  dejprnds  upon  finvi  n,;;  a relativoJy  simple  system  with  low  pro- 
bability of  component  failures.  Trouble-sliooti  ng  teclini.ques  to  find  malfunctioning' 
components  have  also  been  devised  and  included  in  the  instruction  manual. 

Tvjo  aspects  of  economy  are  maintenance  costs  and  operatinfi;  costs.  Maintenance  costs 
are  minimised  by  use  of  readily  available,  reliable  industrial  components  to  the  extent 
possible.  Operating,  costs  are  aImf)St  entirely  the  costs  of  ;'asoliue  and  fuel  oil,  and 
these  are  rinimized  by  minimizing  the  quantities  used  per  cycle. 

DESIGN  CRITERIA  FOR  IGNTTIOM  SYSTEM  COMPONENTS 


In  designing  ignition  systems  for  the  15'foot  tank  and  the  engine  room  simulator, 
it  was  nectussary  to  select  optimum  conditions  for  injection  of  gascjllne  and  oil,  and 
reasonable  cycling  periods.  The  quantities  of  gasoline  and  fuel  oil  to  bo  injected  were 
selected  on  the  basis  of  experimental  ignitions  carried  out  in  the  Battelle  15-foot  tank, 
and  the  sizing  of  the  gasoline  and  oil  pumps  was  based  on  carrying  out  an  ignition  cycle 
within  one  minute. 


Gasoline  Supply  Criteria 

In  Battelle  experiments  it  was  found  that  one  gallon  of  gasoline,  injected  over  the 
surface  in  a period  of  0.5  to  1 second,  provided  optimum  ignition;  those  conditions  were 
selected  for  the  Norfolk  15-foot  tank.  A 5-gallon  accumiilator  was  selected  for  storage 
of  the  1-gallon  gasoline  charge  with  a moderate  pressure  rise,  and  1,5-inch  gasoli.ic 
piping  betWf-en  the  accumulator  and  the  gasoline  injector  was  selected  to  minimize  pressure 
drop,  '.•iitli  these  dimensions,  the  accumulator  discharges  one  gallon  in  one  second  wlien 
charged  to  an  initial  pressure  of  16  psi. 

Gasoline  flow  to  the  engine-room  simulator  was  calculated  as  the  same  quantity  per 
unit  surface  area  as  for  the  15-foot  tank.  The  surface  areas  of  the  15-foot  tank  and  the 
• iigi ne- room  simulators  are  160  ft^  and  1025  ft^,  respectively,  for  a ratio  of  6.4.  Thus, 
for  the  same  gasoline  weight  per  unit  area,  the  engine-room  simulator  gasoline  charge 
should  be  6.4  gallons.  Because  of  the  geometry  of  the  engine-room  simulator,  six  gasoline 
injectors  were  used.  Each  of  these,  thus,  passed  approximately  the  same  flov;  as  tl'u  single 
injector  in  tlie  IS-foot  tank,  and  all  injectors  were  made  alike. 

In  order  to  store  6 gallons  of  gasoline  with  moderate  pressure  rise,  accumulator 
capacity  of  20  gallons  is  required.  This  was  met  by  using  two  parailol  lO-gallon  accumu- 
lators, eacli  cliarged  with  3 gallons  of  gasoline.  Each  accumulator  discharges  through  2- 
Inch  piping  to  three  gasoline  injectors,  and  accumulator  discharge  piping  is  not  inter- 
connected. However,  both  accumulators  are  charged  from  a common  1-inch  supply  line, 

Altlcough  2-inch  piping  was  used  in  the  engine-room  simulator  accumulator-discharge 
lines,  2-inrh  solenoid  valves  suitable  for  the  service  conditions  could  not  be  found. 
Accfirdingly , a 1.5-inch  solenoid  valve  was  used  in  cacli  accum.ulator  discharge  line. 

The  gasoline  supply  pump,  located  above  the  underground  gasoline  tank,  is  used  to 
supply  both  the  engine-room  simulator  and  the  15-foot  tank.  It  was  selected  to  have 
sufficient  capacity  to  charge  the  accumulators  for  tlie  engine-room  simulator  in  about 
20  seconds.  The  Viking  Model  HJ-195-D  pump  installed  provides  22  gpm  at  50  psi  suffi- 
cient to  charge  six  gallons  to  the  engine-room  simulator  accumulators  in  16.4  seconds. 

The  .same  pump  v;ill  charge  one  gallon  of  gasoline  to  the  accumulator  for  the  15- foot 
tank  In  2,7  seconds. 
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* y.  Cri  teria 


The  fiK'I-oil  sysLem  was  flcsifinad  Lo  inject  an  amount  of  fuel  oil  dnrlnf»  cacli  cycle 

Ofinal  to  tli>;  amount  burnfcl,  to  permit  operation  of  each  simulator  with  a thin  oil  layer 

of  marly  constant  thickness.  In  order  to  provide  such  injection,  the  pumpi  nj;  rate  was 
selectt'd  to  permit  oil  injection  to  the  en.'jine- r oom  simulator  within  30  seconds. 

In  ilattelle  ij'nition  studies  it  iiad  been  found  that  the  consumption  of  fuel  oil 
in  a wo  I l-ostabl  ished,  larjjo  fire  was  e<iuivalent  to  0.1  inch  of  oil  thickness  per 

"innte.  'ditii  this  nnml)er  as  a fjuidc,  the  amount  of  oil  burned  for  each  f ire- f ight  in>; 

re  is'.’  was  estimated.  It  was  expected  that  about  30  seconds  would  be  required  to  es- 
tablish the  fire,  during  which  time  the  oil-burning  rate  would  gradually  increase  to  the 
r.aximtin,  and  then  the  fire  would  be  extinguished  with  n 15  .-econds,  with  the  burning  rat^ 
d.'c  i i n i r.  g . Thus,  the  total  oil  btirned  might  bn  represented  by  a burning  period  of  55 
S"cond3  at  about  lia  1 f the  maximum  burning  rate,  cqiiivalent  to  a reduction  of  oil  thick.ress 
of  0.03/5  inches  per  cycle.  This  depth  is  equivalent  to  oil  consumption  of  24  gallons 
per  cycle  in  t tie  engine-room  simulator,  and  3.75  per  cycle  gallons  in  tlie  15-foot  tank. 
8ubs<'qui.nt  experience  at  Morfolk  indicates  that  actual  fuel  consumption  is  about  30  ga  1- 
l(;ns  per  cycle  for  the  engine  room  simulator  and  3 gallons  per  cycle  for  the  15-foot  tank. 

T'  e fuel-oil  pump  was  selected  to  supply  fuel  needed  for  the  engine-room  simulator 
in  1<  ss  t iian  30  seconds.  The  Viking  Model  AI.-195-D  pump  selected  provides  flow  of  120 
gp.i  at  80  ps  t , so  tliat  the  required  30  gallons  per  cycle  for  the  engine-room  simulator 
is  '.upplied  in  15  seconds.  Supply  of  3 gallons  to  the  15-foot  tank,  using  tlie  same  pump, 
requires  ahout  3 seconds.  Flow  to  the  15-foot  tank  is  limited  to  70  gpm  by  pressure  drop 
'‘hrough  an  existing  1. 25-inch  underground  pipe. 


Smoke -Suppression  Water  Flow  Criteria 


The  amount  of  gasoline  needed  to  privide  good  ignition  is  dependent  upon  the  amount 
of  water  sprayed  into  the  fire  for  smoke  suppression.  In  general,  tlie  optinium  rate  of 
water  flov/  is  low  during  early  flame  development  and  increases  with  flame  size.  Ex- 
cessive water  flow  X'/i  I I result  in  gradual  extinction  of  the  flame.  In  experiments  in  the 
Sat  telle  15-foot  tank  it  was  found  that  good  flame  development  took  place  with  water  flow 
rates  between  10  and  16  gpm  and  that  16  gpm  was  enough  water  for  good  smoke  control  in 
r.iost  flames.  If  a flanie  burned  for  several  minutes  and  became  very  large,  however,  flow 
of  20  gp  .1  might  be  needed  for  good  smoko  control.  The  largest  flame  could  be  gradually 
extinguished  with  a flow  rate  slightly  above  20  gpm. 


In  subse<iuent  experience  using  the  Norfolk  15-foot  tank  it  was  found  that  tlie  optimum 
combination  of  fast  flame  development  with  minimum  smoke  could  be  obtained  by  initiating 
water  spray  3 or  4 seconds  after  gasoline  Ignition,  at  a pressure  of  60  psi  and  flo.'  of 
12  gpm.  As  the  fire  size,  grew  it  was  necessary  to  gradually  open  the  manual  water  va.ve 
to  coi.f  rol  smoke,  until  tlie  wide-open  condition  of  17  gpm  at  120  psi  was  reached.  Wh.en 
the  ignition  was  carried  out  with  a constant  water  pressure  of  120  psi  tlie  fire  did  not 
grow  large  and  did  not  cover  the.  entire  surface  of  the  tank. 


Tiicsc  viater  flow  rates  can  be  expressed  in  terms  of  pounds  of  water  per  square  foot 
of  burning  area  per  minute  as  follows: 


Water  Flow  R.ite 


Oondi t j on 

SEB 

Ib/ft'^  min. 

At  start  of  ignition  period 

12 

0.6 

At  end  of  ignition  period 

17 

0.85 

Maximum  flow  rate  for  largest  fire 

20 

1.0 

Flow  rate  for  gradual  fire  extinction 

21 

1.05 
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Materials 


The  cjasol ine-d LStri bution  system  requires  special  consideration  because  of  the 
corrosive  nature  of  wet  gasoline.  Although  all  piping  in  the  system  is  of  galvanized 
steel,  it  was  found  that  pri.'cision  hardened  steel  parts  of  a gasoline  pressure  regulator 
rusted  togetlier  witliin  a few  days.  Accordingly,  a bronze  pressure  regulator  was  speci- 
fied. Viton  fluo'ocarbon  rubber  was  specified  for  0-rings,  solenoid- va I vc  diaphragms, 
and  accumulator  bladders,  as  this  aiaterial  swells  less  and  lasts  longer  in  gasoline  than 
othf.'r  available  elastomeric  materials. 

The  gasoline  injectors,  oil  injectors,  and  spark-plug  holders  were  machined  from 
brass,  which  is  easy  to  machine  and  relatively  corrosion  resistant  in  fresh  water.  Type 
lOA  s ta i n less- s tee  I tubing  was  used  as  conduit  for  the  high-voltage  ignition  wire,  and 
gal/anizod  steel  pipe  was  used  for  all  piping.  All  exposed  parts  of  the  spark  plugs  are 
of  I n c on « I . 


Electric al  Components 


All  electrical  components  used  in  the  ignition  system  are  standard  components  of 
industrial  grade.  All  solenoid  valves  and  electric  motors  are  of  c xp ios ion- proof  con- 
struction. Ignition  transformers,  the  control  console,  and  the  contactor  box,  are  in 
water-proof  enclosures.  The  switches  and  contactors  used  in  the  control  console  are 
net  explosion  proof,  because  no  gasoline  enters  the  Field  Office,  but  the  swit.ches, 
and  timers  are  of  lieavy-duty,  oiltight  construction, 

DETAIhS  OF  SYSTEM  DESIGN 


f.istjng  of  Design  Drawings 

The  design  of  the  automatic  ignition  systems  for  the  Fleet  Fire-Flgliting  School 
at  the’  .'.'orfolk  Mavai  Station  is  shown  in  ten  drawings,  listed  in  Table  1.  The.  numbers 
listed  are  .'.AVFAC  drawing  numbers,  and  original  drawings  are  filed  at  NAVFAC. 

fn  the  discussion  tliat  follows,  details  will  be  referenced  both  to  the  N'AVFAC 
drawing’3  and  to  less  extensive  report  illustrations, 

TABi.E  1.  DETAILED  DE/\WIN'CS  OF  AUTOMATIC  IGNITION  SYSTEM 

FOR  FI.EET  FIRE- FIGHTING  SCHOOL,  NAVAL  STATION,  NORFOLK,  VA. 


NAVFAC 

Tit  le 

4005872 

0-/erall  pipe  and  conduit  layout 

40058/1 

15-ft  tank  modifications 

4005374 

0-/eraIi  pipe  and  conduit  layout 

for  engine-room  simulator 

4005875 

Fuel  oil  piping  In  engine-room 

simulator 

4005876 

Gasoline  piping  in  engine-room 

simu la  tor 

4005877 

(iasollne  injector 

4005873 

Spark-plug  holder  and  fuel  oil 

injector 

4005879 

Control  panel  layout  and  fle.ld 

office  aci’angement 

4005880 

Wiring  schematic 

4005881 

Wiring  diagram 
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Arrar\;;.'Tif:nt:  of  Fi  ro-Fi  r:h  t iny.  School. 


13  r.hfWM  Eli.*  InyotiE  of  C i re?- f i ght  i rig  simnlators  at  the  Norfolk  Fleet  Fj.re- 
Fi;-.htin;;  Ocliool.  Numbers  identify  the  various  simulators.  Ignition  systems  wf:re  in- 
sta'lefl  in  the  13-foot  tank  (1)  and  the  engine-room  simulator  (2),  The  control  console 
wa  : located  in  tiic  Field  Office  (3),  and  flow  of  smoke- suppress ing  water  is  control  led 
manually  from  a bank  of  control  valvc:s  at  (A).  Gasoline  for  ignition  is  taken  from  a 
3)0-gallon  iind  rgrrund  tank  at  (0),  and  diesel  fuel  used  as  the  basic  simulator  fu-l  is 
ta'cn  from  a 23,000  gallon  underground  tank  at  (6),  200  feet  away.  In  the  course  of  the 
cons ( rue t i on , unrlerground  piping  and  wiring  were  installed  as  indicated  by  dotted  lines 
in  F i gu re  13. 


The  13- Foot  Tank 


Figure  14  shows  the  arrangement  of  the  13-foot  tank.  One  gasoline  Injector,  one 
oil  injector,  and  two  spark  plugs  are  installed  near  the  center  of  the  tank,  at  tiio  water 
surface.  A catwalk  of  open  grating,  placed  4 inches  below  xjater  level,  provides;  accesns 

to  tile  iijnition  co'.igioncnts  by  dropping  water  level  a few  inches.  Ignition  components  are  ' 

-supported  from  the  end  of  this  catwalk. 

Gasolin.?  is  supplied  from  a 5-gallon  accumulator  placed  50  feet  from  the  tank,  at 
tile  water-valve  manifold  (4),  Figure  13,  This  accumulator  is  charged  with  1 gallon  of  , 

ga  -lilt.-;  witiiin  3 seconds  through  a 1- i ncli  pipe,  and  it  discharges  through  the  gasoliiij  ' 

injecior  in  1/2  to  1 second,  through  a l.5-lnch  pipe,  for  a flow  rate  of  60  to  120  gpii. 

Ti.e  gasoline  injector  is  supplied  with  nitrogen  at  25  to  35  psi-  through  a 1/8-inch  pipe. 

flu;  oil  injector  is  piped  to  an  existing  1,25-inch  pipe  that  ended  at  the  edge  of 
tin'  tank.  flecause  of  pipe  friction  the  oil  injection  rate  is  ’iniited  tc  about  70  gpm. 

Kacb  -spark  plug  is  wired  to  a separate  ignition  transformer  with  18-gage  wire  in.sulated 
or  a working  voltage  of  40,000  volts.  The  wire  is  enclosed  in  3/8-inch  stainless  steel 
tubing  to  -serve  as  a waterproof  conduit.  The  transformers  are  enclosed  in  an  existing 
va L arproof  junction  box  located  near  the  gasoline  accumiilator  at  (4),  Figure  13, 

Tile  gasoline  injector  is  shown  in  Figure  10,  and  in  NAVFAG  drav-tlng  4005877,  Tlie 
oil  injector  and  tlie  spark-plug  holder  are  shown  later  in  Figures  18  and  19  and  in 
; A .'AG  Drawing  40058/8. 

The  existing  .smoke- suppressing  water  spray  system  includes  one  central  nozzle  and 
four  nozzles  spactid  equally  on  a circle  of  128-inch  diameter. 


The  Engine-Room  Simulator 


Figure  13  shov/s  tlie  arrangement  of  the  engine-room  simulator.  Four  existing  baffles 
divide  the  oil  surface  and  servo  to  prevent  flame  travel.  Accordingly,  six  gasoline  in- 
jectors and  six  oil  Injectors  are  used  for  good  distribution  of  gasoline  and  oil.  A 
spark  plug  is  installed  near  each  gasoline  injector. 

Fuel  oil  is  supplied  to  the  six  injectors  through  a single  piping  system.  Oil  enters 
ttv;  .simulator  at  a rate  of  120  gpn  through  a 2-inch  pipe,  which  branches  inside  the  simu- 
lator I'o  tv/o  paralle.l  1.5-inch  pipes,  each  supplying  three,  oil  injectors. 
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prcuRR  1}.  ARBA::Gr;MF;MT  of  fire-fighting  schoo/.  at  Norfolk  fleet  training  center 
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FIGURE  1.4,  ARR,\fTCEMEUT  OF  Tl-fK  1.5-FOOT  TANK 


FIGURE  14.  ARRAMCEMEMT  OF  THE  ENGINE-ROOM  SIMUMTOR 
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CasoliiiiJ  is  supplied  through  two  separate,  parallel  piping  systems,  each  supply- 
ing three  injectors.  Each  gasoline  system  includes  a 10-gallon  accumulator  connected  to 
three  injectors  uitli  2-ineh  pipe.  Gasoline  is  supplied  to  the  accumulators  at  22  gpm 
through  a 1-incli  pipe,  charging  them  each  witli  3 gallons  of  gasoline  in  17  seconds.  The 
accumulators  are  discliarged  through  tlio  gasoline  injectors  within  one  second,  at  a rate 
of  180  to  3G0  gpm  for  each  parallel  system,  depending  on  accumulator  pressure. 

Each  spark  plug  is  wired  to  a separate  ignition  transformer  with  13  gage  v;ire  in- 
sulated for  40,000  volts  working  voltage.  Ignition  wire  is  installed  in  3/8-inch  Type  304 
stainless  steel  tubing,  used  as  vjaterproof  conduit.  The  ignition  transformers  are  located 
in  a waterproof  junction  box  outside  tlie  simulator. 

Piping  details  of  tlie  gasoline  and  oil  systems  are  shewn  in  NAVFAC  Drawings  Nos. 
4005874,  4005875,  and  4005876.  Gasoline  injectors,  oil  Injectors,  and  spark  plug  holders 
are  shown  in  Figures  10,  18,  and  19,  and  in  NAVSAC  Drawings  Nos,  4005877  and  4005873. 


The  Gasoline  Supply  System 


Figure  16  is  a schematic  of  the  gasoline  supply  system.  Gasoline  is  taken  from  an 
existing  550-gallon  underground  tank  at  (5),  Figure  13.  A Viking  Model  iiJ-195-D  positive- 
displacement  pump,  mounted  on  the  slab  above  the  tank,  delivers  22  gpm  gasoline  at  50  psi 
tlirough  a filter,  a clteck  valve,  and  a pressure  regulating  valve  that  bypasses  gasoline 
back  to  the  tank  when  pressure  rises  above  the  set  pressure.  An  internal  pressure  relief 
valve  built  into  the  end  of  the  pump  is  set  to  relieve  at  a somewhat  higher  pressure  than 
the  pr>.!ssuro  regulator.  The  pressure  regulator  is  set  for  the  accumulator  final  pressure 
of  somewhat  less  titan  50  psi.  A connection  for  a filling-station  type  gasoline  hose  and 
nozzle  is  provided  in  the  pressure-regulator  outlet  piping  for  use  in  filling  gasoline 
cans,  as  a convenience  to  school  personnel. 

From  the  pressure  regulator,  the  1-lnch  gasoline  line  goes  underground  for  35  feet 
to  the  water-control-valvu  header  at  (4),  Figure  13,  where  a filter  and  solenoid  selector 
valves  for  the  15-foot  tank  and  the  engine-room  simulator  are  located.  Gasoline  fo : the 
15- foot  tank  charges  a single  5-gallon  accumulator,  also  at  this  location.  The  accumula- 
Lor  discharges  tlirough  the  gasoline  injector  in  the  15-foot  tank  by  opening  the  accumulator 
dump  Solenoid  valve.  Tlie  accumulator  is  piped  to  the  gasoline  injector  by  55  feet  of  under 
ground  1.5-inc!i  pipe,  to  permit  discharge  of  one  gallon  of  gasoline  within  one  seccvid  with 
an  accumulator  minimum  pressure  less  than  20  psi. 

Gasoline  for  the  engine-room  simulator  is  carried  approximately  110  feet  in  under- 
ground l-inch  pipe  to  two  parallel  10-gallon  accumulators  located  at  the  engine-room 
simulator,  each  protected  by  a filter.  Each  accumulator  is  piped  to  three  gasoline  in- 
jectors with  2-inch  pipe,  A lo5-inch  solenoid  valve  is  used  to  discharge  3 gallons  of 
gasoline  from  each  accumulator  within  one  second,  with  minimum  accumulator  pressure  of 
20  psf  or  less. 

As  shovm  in  Figure  10,  eacli  gasoline  Injector  contains  a poppet  valve  that  is  opened 
by  nitrogen  gas  supplied  at  a pressure  of  about  25  psi,  and  closed  by  venting  this  gas. 

All  of  the  injectors  in  the  engine-room  simulator  arc  piped  to  a small  3-way  solenoid 
valve  in  the  field  office  that  controls  nitrogen  flovj  for  injector  opening  and  closing. 

The  injector  in  the  15-foot  tank  is  piped  to  a similar  valve.  The  injectors  are  opened 
for  only  a few  soccuds,  during  gasoline  injection,  tlien  closed. 

Details  of  the  gasoline  supply  system  are  shown  in  NAVSAC  Drawings  Nos.  4005872 
(overall  layout),  4005873  (15-foot  tank),  4005876  (engine-room  simulator  piping)  and 
4005877  (gasoline  injector). 
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Nitrogen  valves  to  operate 
gasoline  injectors 


FIGURE  16.  SCUEMITIC  OF  GASOLINE  SYSTEM 
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Tin;  I'uel-Oil  Svstein 


Finuro  17  is  a sclionatic  of  tlie  fuel-oil  supply  system.  Fuel  oil  is  taken  Iron  an  , 

existing  25,000-gallon  uiuU-rgrouiKl  Lank  located  200  feet  from  the  field  office.  .\ 

Viking  Model  AL-195-D  positive-displacement  pump  at  the  tank  supplies  120  gpn  of  oil 
against  a pressure  of  SO  psi.  Oil  passes  through  a check  valve  and  a pressure  regulator, 
which  opens  to  return  oil  to  the  tank  when  oil  pressure  exceeds  the  set  pressure  of  80 
psi.  An  internal  pressure-relief  valve  is  also  built  into  the  end  of  the  pump.  From 
the  pump,  the  oil  is  piped  underground  through  an  existing  2-incIi  pipe  to  the  field  olfice, 

200  feet  away.  In  the  field  office  tlie  pip';  connects  to  an  existing  valve  manifold  serv- 
ing otlier  fire  simulators  at  the  school,  and  to  two  motorized  ball  valves,  one  controlling 
oil  flov/  to  the  15-foot  tank  and  one  controlling  flow  to  the  engine-room,  simulator.  An 
existing  1-1/4-inch  underground  pipe  carries  oil  about  80  feet  to  the  15- foot  tank,  at  a 
rate  of  about  70  gpm,  as  limited  by  piping  pressure  drop.  The  oil  is  injected  thorough  one 
oil  injector  located  near  the  center  of  the  15- foot  tank. 

Oil  for  the  engine-room  simulator,  4/  feet  away,  passes  through  a nevj  underground 
2-inch  pipe.  Inside  the  simulator  Lliis  pipe  branches  to  two  legs,  of  1.5-inch  pipe, 
eacli  supplying  three  oil  injectors.  Tiie  oil  pump  and  2-inch  pipe  size  vrere  selected 
to  provide  a flov;  rate  of  120  gpm  so  that  the  engine-room  simulator  could  be  charged 

with  30  gallons  of  oil  in  about  15  seconds  as  part  of  the.  ignition  cycle.  ‘ 

Figure  18  is  a section  of  a fuel  oil  Injector,  Tlic  injector  is  designed  for  uni- 
form radial  dispersion  of  oil  through  an  annular  slot  at  a velocity  of  about  10  fps. 

The  single  injector  for  the  15-foot  Lank  has  an  annular  slot  3/16-inch  higli,  and  the  six  , 

parallel  injectors  for  the  ongi tie- room  simulator  have  annular  slots  l/16-inch  high. 

The  fuel-oil  pump  and  motor-operated  .selector  valves  are  operated  from  the  control  , 

console.  Three  modes  of  operation  are  provided:  operation  of  the  pump  only  to  supply 
oil  to  other  simulators  througli  manual  valvca;  manually  controlled  oil  injection  to  citlicr 
the  engine-room  or  15-foot  tank  by  energizing  push-button  switches;  or  auti.v.iatic , timed 
oil  injection  in  which  an  interval  timer  controls  operation  of  the  motor  valves  aud  pump. 

Details  of  the  fuel-oil  system  arc  sliown  in  NAVFAC  Draviings  No.s.  4005878  (overall 
layout),  4005873  (15-foot  tank),  4005875  (engine-room  simulator),  and  4005878  (fuel-oil 
injector) . 

The  Spark-Ip.nition  System 


The  spark-ignition  system  is  sliown  in  NAVFAC  Drawings  aos.  4005872,  (overall  layout), 
4005874  (engine-room  simulator),  4005373  (15- foot  tank)  and  4005878  (spark-plug  holder). 

In  general,  a spark  plug  is  placed  within  one  foot  of  eacii  gasoline  injector,  with 
six  spark  plugs  in  the  engine-room  simulator  and  two  in  tlie  15- foot  tank.  Heavy-duty 
Champion  FS-47-11  gas  turbine- type  igniters  are  used,  as  they  proved  least  susceptible 
to  shorting  through  immersion  in  oil  and  water  and  sprinkling  with  water  spray.  Each 
spark  plug  is  mounted  in  a brass  holder,  sealed  v;lth  an  0-ring.  High-voltage  wire  en- 
closed in  3/8-inch  Type  304  stainless  steel  tubing  connects  each  spark  plug  to  an  igni- 
tion transformer.  Ignition  transformers  for  the  15-foot  tank  are  located  at  the  water- 
valve  header  (4),  Figure  13,  aud  transformers  for  the  engine-room  simulator  are  located 
just  outside  the  simulator.  All  transformers  are  enclosi  d in  waterproof  junction  boxes. 

Webster  Electric  Type  822-6A06  transformers  are  used  throughout  the  systems.  These 
are  standard  oil-burner  ignition  transformers.  Each  transformer  operates  with  a primary 
voltage  of  110  volts  and  a primary  current  that  varies  from  0.10  amperes  with  an  open 
secondary  to  1.5  amperes  with  an  arc  in  the  secondary.  The  secondary  operates  at  8,500 
volts  and  20  mi  1 linmperes , either  shorved  or  with  a normal  arc,  with  normal  sliort  lead 
wires.  However,  as  installed  in  the  N’orfolk  .system  with  long,  enclosed  high-voll  age  lead 
wires,  primary  current  is  increased  to  2.4  amperes. 
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FIGURE  17.  SCHEMATIC  OF  FUEL  OIL  SYSTEM 


Oil  level — 
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A .1  ;i;)c  r'  .K.i.i  !•  r i . i ill  Iiiil'il  in  ( lir  roiilrnl  (•(iriK)Iii  fo  rni’.'i 'jiirn  [/rfrn.'iry  c'lrri'rit. 

It  .1  M ' r.ii.'i  I (■It  n r ■;  .ii*-  njn' f.i  I i ii;'.  !!.i  I i I iii  I or  i I y I lio  cio' i lie- room  .‘;yf.lcin  tlrav;';  .im- 

JO  11  , io>'l  10-1(01  I .iiiV  (Ir.iw'i  O.B  ampc  r(■■i . Hilli  .in  fipcii  circuit  j ii  llic  cccorul-i  r y ol 

one  I (.111-  '(ir•:■'r  ill'-  iiiir'iil  (Irop  i liy  \ ainpi-ri’.'i . Itowcyc  r , I lie  <imino_t(’r  rc-'itlin^  sr,  I li': 

■ ii  » J jli  01  lyili;'.  i’ I II.;  j;  Jj.iI'._LLil-';_i  JrJ  llit-norina  I I v . .;o  it  i ■;  mo  (■‘.c-i  ry  to  iri-.r''cl. 
ylLi»w  tu  (.i_-;rc  iii.it.  .th'/y  ■:iro_,)  j/Ji.i;;. 

I'l'oii.  I')  ,lii  ; I ho  ip.irk  pliij'.  Kionnl  c'l  in  I he  'ipn  rk- p i ii;;  holder.  'Ihe  hoid'-r  utilize!) 
.i.iiiihiiil  a i 1 ( tali-typi’  ((ill. let  h.irdware,  and  I lie  .park  pin;;  is  sealetJ  in  tin  holder  v/itli 
m O-riii);  Ihe  h.  lder.  ire  inHialled  so  that  Ihe  water  Ic/el  in  altoiil;  i inch  h'-Iow  the 
I ('P  ( ■ I the  .park  p 1 up, . 

^ ' a'/s  lorn 


(Ml  1 iiiK.  I i oil',  i.l  lii'  aniotr.al  i e i;',nili.on  systfim  are  controlled  from  a control  consoli! 
iivil  a I l.'d  in  Ihe  lidd  t'liic  . 'ih(!  conlrol  eon.sole  provides  mt.-ans  for  operation  wi  I h 

.ml  oin.i  I i c i/,nilii,n  (■  !•  ..nd  for  r.ianiial  operation  of  each  function. 

l'i;niro  •'.0  .III'/'.  Ill'  rr.'injp  i.K'iit  ol  control  e'|ij  i ])ment  in  tin!  field  Office.  Th')  ( i.r.trol 
conso!'  i '(  r.onni.'d  in  tit.'  corner  ol  Ihe  office  het'./ecn  v/iiidow.s  lacing;  the  IS-fooL  tank 
.ind  111.'  > ii;;i  lie- ri,  i : ilator.  An  eii'-loned  power  contactor  p/inel  Is  mounted  on  Ihe  './a  I I 
he  1 ov/  the  v/indi  i 'I  pe  '.!->•  tin:  I'j-foot  lank,  'fhl.s  panel  cont/ii.n.s  Ihe  main  power  di.sconnect 
'.witch  and  liis('.s,  • ol  i r .tailer;;,  and  tin;  multicarn  S(’(|uenc  i np,  ..v/i  tch.es  li.scd  to  control 
.(til  ..mat  ic  i;;riilii:i  rye  1 A .'np/irate  di.sconnect  'iwitch  n.cunted  above  the  control  cen- 

'■.(ilc  toTilrol  . po'.-.'.'r  to  'in-  i'piii  ion  transformers  to  assure  apainst  /irci.dental  i.enil  ion 
1)1'  ( I . ( I I i c ' iioek  wh.'ii  p.  r onne  I work  inside  n .'liinu  I a tor  . 

Dr/rw  i I.',',  iio  '.(j0';880  i ■ a v/irinp,  scliemat.lc  for  l:he  ctjntrol  system,  and  Mo. 
'iOO')B.SI  is  ;i  v/irlrt'  di...p.i:ri  for  the  conlrol  console,  and  tlie  contactor  panel. 


fimcl  ions  of  flontroi  Console  .Sv/it('lio.s 


fijnir.  1]  siio'.'/s  til.!  arraiijp.'rnei; t of  Lh.:  control  console  front  pane).  This  panel  is 
: miel  I i ca  1 I rom  ripht  to  left  except  i.or  tin:  top  rot/  of  .sv/ 1 tches ; tlie  left  .side  controls 
(.(.e ivi t ■ (111  of  tin:  1 3- f(.oi  Lank  /ind  the  right  side  control;)  o'/cratlon  of  the  engine-room 
. ii  .11  lator.  Tv/o  -i-./itciiei  at  tlio  center  of  the  panel  provide  means  of  operating  the  fuel- 
oil pii.sp  <iud  tl.(j  gas(.iinc  pn.np,  as  needed  for  snpplyirip,  oil  to  otlier  locations  and  for 
tilling  gascline  cans.  A brief  instniction  list  is  also  attaclied  at  the  center  of  the 
[lanel.  Tin;  top  part  of  liie  p.inel  provides  .switcliing  for  automatic  operation,  and  the 
bottom  part  of  th.-  paiii;!  provides  sv/i  telling  for  manual  operation. 

The  sv/itches  in  Figure  ll  are  numl/ered  to  simplify  tlie  discussion  tliat  follows,  hut 
tliey  are  not  numbered  on  the  control  panel. 

The  top  row  of  tile  panel  Includes  the  EHKIU'.KMCY  STOP  button  (1),  a key  switch  v/ith 
M/\i.TI/M.  ;ind  /\I;T0  positions  (.i),  a CO.MSOl.E  POVIEK  switcli  (3),  and  an  ammeter  for  checking 
pov/or  to  ignition  transformers  (■')). 

Tlie  KMhRGEMCY  STOP  button  (1)  shuts  off  all  pov.'(;r  to  the  console,  stopping  pumps, 
de-onergi zi ng  Ignition  Lran.iformers , closing  solenoid  valves,  and  stopping  automatic 
cam  timers.  However,  it  does  not  close  motorized  h.all  valves  us.^d  on  the  fuel-oil 
supply  line.s,  as  these  rei^uiri'  power  to  close. 

Tlie  key  switcli  (d)  i ■.  provided  so  tli.il;  only  aulliorizet'  porconnol  c.an  operate  th.c 
sy.stem.  This  switch  lias  two  positions,  m.arkod  AUTO  and  HANIlAf..  WIten  the  switch  is  in 
AUTO  po.sltlon  it  i ..  possible  to  operate  tiie  /\UT0M/\TIC  OIL  IN.IECi’IOi'I  sy.stem,  tin'  AUTOMATfC 
tOMITlOM  system,  and  the  snoke-suppresslon  water  .STOP  switcli.  With  tlie  sv/itcli  in  the 
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position  it  is  possible  to  opernto  the  six  manii;il  switches  on  each  side  of  the 
console,  and  th.;  MA.'iUAi,  OA.SOi.riJK  fUMP  switch.  The  MA>mAr.  FlIKh-OIl,  POTiP  switch  (2'5) 
at  the  center  fit  the  console  can  bo  operated  with  the  key  switch  in  either  the  AUTO 
or  MANMiA  I,  posit  i on  . 

After  the  kiy  switcli  is  turnefl  to  the  desired  position,  the  console  is  ener^^ixed 
by  pressing  tlie  (lOhSOi.K  PC'/iiR  .witcli  13).  The  red  light  on  this  switch  indicates  tliat 
tite  console  is  powered  and  ready  for  use. 

An  ammeter,  marked  TGfvITiOM  TRAN'Si'ORMfiRG , indicates  the  current  to  the  ignition 
transformers.  for  normal  operation  the  two  transformers  for  the  15-foot  tank  move  the 
ar-.melfr  needle  only  slightly  (they  require  about  A. 8 amperes).  The  engine-room  simula- 
tor, with  six  transformers,  draws  IA,3  amperes  for  normal  operati.on.  The  ammeter  re.ad- 
ing  is  not  changivl  greatly  when  spark  plugs  are  siiorted  with  oil  and  water  emulsion,  so 
that  the  as, meter  reading  alone  is  not  a positive  indication  of  spark-plug  ma  1 f unc (' i on . 
ilewever,  in  case  of  an  open  circuit,  the  ammeter  reading  should  fall  off  by  2.3  amperes 
for  e.Tch  inactive  t ransf firmer . Any  failure  of  an  Ignition  transformer  resulting  in  a 
short  circuit  would  probably  greatly  increase  the  ammeter  reading. 

Two  oil  injection  timers  arc  located  in  the  second  row  from  the  top,  one  for  the 
15-foot  tank  (5)  and  one  for  tlie  engine-room  simulator  (6),  Ttiese  are  used  by  setting 
the  time  for  injection  using  the  center  knob  on  the  timer,  then  pressing  the  AIJTOM/ITIC 
Olf.  IMJKC'flO.'i  switch.  This  switch  energixes  the  fuel-oil  pump  and  opens  the  motorized 
hall  valve  that  supplies  the  simulator  selected,  A red  pointer  in  the  timer  turn.s  back- 
ward until  it  ri'aches  zero  time,  wlicn  the  fuel  oil  pump  Is  de-energized  and  clositig  of 
the  motfirized  fuel-oil  valve  is  begun.  Closing  this  valve  rec[uires  three  seconds,  so 
that  it  is  irriportant  not  to  interrupt  power  until  the  valve  lias  had  time  to  close.  Tf 
power  is  interrupted,  the  motorized  valve  can  bo  closed  liy  setting  tlie  key  switch  on 
I'A.'lUAl,  and  -nergizing  the  M/u'-i.'AL  Oil,  I.k’JBCTIOM  switch  (13)  for  about  five  seconds,  then 
d c - . ■ n e r g i z i n g it.  The  timers  should  not  bo  set  for  .sn  fniectlon  period  of  less  tli.in  5 
secnnfl s,  to  assure  proper  valve  closing. 

Although  the  fuel-oil  pump  has  a capacity  of  120  gpm  (gallons  per  minute),  the  flow 
into  the  15-foot  tank  is  limited  by  piping  size  to  70  gpm.  A 0.10-inch  oil  layer  in  the 
15-foot  tank  requires  9.6  gallons  of  oil,  which  would  be  admitted  in  8.2  seconds.  hike- 
wise,  64  gallons  of  oil  are  re<iuired  for  a 0.10-inch  oil  layer  in  the  engine-room  simu- 
lator, and  this  requires  operation  of  the  fuel-oil  pump  for  32  seconds.  Wlicti  st.srting  up 
an  empty  simulator  a 0.3-incIi  oil  layer  should  be  admitted.  In  subsequent  ignitioji  cycles 
::urli  leuss  oil  will  bo  required;  this  can  be  judged  by  the  amount  of  time  tlio  fire  burns 
and  the  size  of  the  fire.  A 0.1-lnch  oil  layer  will  provide  a largo  fire  for  about  two 
minutes,  if  a fire  is  required  for  a longer  period,  the  AUTOMATIC  OIL  INJECTION  switch 
can  he  energized  again  and  more  fuel  admitted  at  any  time. 

The  third  row  of  switches  controls  automatic  operation  of  the  fire  simulators.  The 
three  sv/itches  on  the  left  (7,  8,  and  9)  control  the  t5-Eoot  tank,  and  the  three  on  t!\a 
right  (10,  11,  and  12)  control  the  engine-room  simulator.  Automatic  oil  injection  is 
begun  by  pressing  the  START  AUTOMATIC  Oil.  INJECTION  switch  (7  or  10)  as  discussed  above. 
The  automatic  ignition  cycle  is  begun  by  starting  the  START  AUTOMATIC  IGNITION  CTCT.E 
switch  (3  or  11).  Finally,  after  the  fire  has  been  extinguished,  the  smoke-  suppressing 
watt^r  spray  is  turned  off  by  pressing  the  STOP  SMOKE  SUPPRESSION  WATER  switch  (9  or  12). 
The  automatic  ignition  cycle  is  controlled  by  two  motor-driven  multiple-cam  timers,  one 
for  eacli  simulator.  Each  timer  requires  60  secoiuls  to  carry  out  a complete  cycle.  If 
power  Is  interrupted  before  completion  of  a timer  cycle,  the  timer  will  continue  to  run 
when  power  is  restored,  carrying  the  cycle  to  completion. 

Figure  22  shovjs  typical  automatic  ignition  cycles,  controlled  by  multicam  timers. 

Thf  Lime  at  which  each  function  is  started  and  stopped  can  he  changed  readily  by  resetting 
the  cams.  The  long  periods  of  spark-plug  operation  before  Ignition  are  provided  to  burn 
oil  and  carbon  off  the  spark  plugs.  Convenient  manual  cycles  are  also  shown  in  Figure  22, 
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Bel«v  tho  automat  Lc-cyc  to  switcties  arc  two  vortical  rows  of  manual  switctius,  with 
switches  for  tho  15-foot  tank  on  the  left  anti  those  for  tho  engl n<;- room  simulator  on  the 
rijjht.  Tho  principal  purpose  of  these  switches  is  to  permit  manual  actuation  of  any 
function  for  checking  operation.  However,  they  can  also  bo  used  to  experiment  vlth 
different  tine  periods  for  carrying  out  ignition  sequences,  in  prei)arati on  for  selection 
of  an  optimtim  sequence  for  the  autonia  t i c-cyc  l.o  control,  formally,  manual  cycles  similar  to 
tho  two  cycles  shown  at  tho  top  of  Figure  2?.  would  be  used.  However,  during  initial  opera- 
tion of  the  system  tho  accumvi  la  tor s wore  Inoperable,  and  satisfactory  Ignitions  x;ero  ob- 
tained using  the  cycles  shown  at  the  bottom  of  Figure  22,  in  whicli  the  accumulators  are  not 
used . 


The  function  of  tho  manual  switches  are  nearly  self-explanatory,  and  are  as  follows, 
from  top  to  bottom: 

(13)  and  (19)  Manua 1 01 1 In  j ec t Ion 


This  switch  energizes  the  oil  pump  and  opens  the  motorized  ball  valve 
in  the  fuel-oil  line  to  the  desired  simulator,  then  doses  the  ball 
valve  when  the  switch  Is  turned  off,  ft  should  be  energized  for  no 
less  than  5 seconds  to  assure  closing  ol  the  motorized  valve, 

(14)  and  (20)  Manual  Accumulator  Charge 

This  switch  energizes  the  gasoline  pump  and  opens  a solenoid  valve 
controlling  gasoline  flo'w  to  the  accumulator.  Tho  gasoline  fills  the 
accumulator  to  the  pump  set  pressure,  after  whicli  excess  gasoline  is 
returned  to  tho  gasoline  storag,e  tank  through  the  pressure-control 
valve.  When  the  switch  is  turned  off,  the  solenoid  valve  closes  and 
the  pump  stops.  The  13-foot  tank  accumulator  is  charged  with  1 gal 
of  gasoline,  and  the  two  lO-gal  accumulators  on  tlie  engiue-room  simu- 
lator are  each  charged  with  3 gal  of  gasoline. 

(15)  and  (21)  Open  Oas  Inicctor 


This  sv/Ltch  opens  a solenoid  valve  that  admits  compressed  nitrogen 
Into  the  gasoline  Injector,  actuating  a piston  that  raises  the  injec- 
tor cap.  Tills  leaves  an  annular  slot  1/4-itich  high  througli  which 
gasoline  is  injected.  When  the  OFF  switch  is  pressed  the  pressure  is 
released  through  the  solenoid  valve  and  a spring  closes  the  injector 
cap.  The  injector  should  be  closed  immediately  after  gasoline  i n- 
jec  t i on . 

(16)  and  (22)  Manual  Spark  Plugs 

Tills  switch  energizes  tlie  spark  plugs  by  providing  power  to  the  Igni- 
tion transformers. 

GAIi'f lOM : Some  of  the  salvaged  fuel  used  at  tiio  Flro-Fi giitlng 
School  contains  gasoline  and  can  be  Ignited  by  the  spark  plugs. 
Don't  energize  spark  plugs  with  sucli  fuel  unless  a hose  crew 
is  available  to  put  out  the  fire. 

(17)  and  (23)  Manual  Accumulator  Dump 

This  s'witch  opens  a solenoid  at  the  ciutlet  of  tlie  accumulator,  dump- 
ing stored  gasoline  through  the  gasoline  injector  Into  the  simulator. 

GAUTIOW:  Spark  plugs  should  be  energized  before  injection 

gasoline  to  avoid  tlic  possibility  of  a gasoline-vapor  explosion 
later . 
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(IB)  and  (24)  Mfiniial  Smokfi*  Supprfssi  on  W/itnc 

This  switch  opens  a solenoirl  valve,  in  fiio  lint-  thnt  supplies 
smoke-suppression  water  to  the  simulator.  For  best  smoke  con- 
trol tiie  water  flow  sliouKl  be  varied  by  manipulation  of  the 
manual  water  valve. 


Arran.r>ement  of  the  Power-Cr.ntactor  Pane  1 


Figure  23  is  a pliotograph  of  the  inside  of  tiie  enclosed  power  contactor  panel.  This 
panel  contains  tfie  main  disconnect  switch  and  fuses  for  the  ignition  system,  motor  starters 
for  the  gasfiline  pump  and  the  fuel-oil  pump,  a transformer  with  220-voIt  primary  110-volt 
secondary  to  supply  llO-volt  power  to  switches,  solenoid  valves,  relays  and  timers;  and 
two  multicam  seriuencing  timers  to  control  automatic  ignition  cycles  for  the  15-foot  tank 
and  the  engine-room  simulator.  The  function  of  each  cam  on  each  timer  is  identified  in  the 
photograph. 
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Setting  Accumulator  Pressures 

The  amount  of  gasoline  stored  in  an  accumulator  will  depend  upon  its  total  capacity, 
its  initial  pressure,  and  its  final  pressure.  The  initial  pressure  is  determined  by 
charging  the  accumulator  hiaddor  with  nitrogen  with  the  gasoline,  piping  vented, by  opening 
the  accumulator  dump  valve  and  tiie  gasoline  injectors.  The  final  accumulator  pressure  Is 
determined  by  the  gasoline  pumping  pressure,  which  is  adjusted  by  a pressure  control  valve 
at  the  pump.  Tin;  accur.ru  la  tor  for  the  15-foot  tank  has  a capacity  of  5 gallons,  and  two 
accumulators  fr)r  the  engine-room  simulator  each  have  a capacity  of  10  gallons.  Based  on 
Battel  lo  experimental  Ignitions  in  a 15-foot  tank,  the  optimum  quantity  of  gasolin.,'  to  be 
stored  shouid  bo  one  gallon  for  the  15-foot  tank  and  6 gallons  (3  per  accumulator)  for  the 
engine-room  simulator. 

Figure  24  shows  the  relation  of  initial  pressure,  final  pressure,  and  storerl  gasoline 
volume  for  the  S-gailon  accumulator  used  with  the.  15- foot  tank.  To  use.  Figure.  24  a iinnl 
pressure  is  selected,  a line  is  drawn  vertically  upward  to  the  desired  gasoline  volume, 
and  the  initial  pressure  is  read  from  the  left  margin.  Dotted  lines  illustrate  that,  with 
a final  pressure  of  45  psf,  an  initial  pressure  of  33  psi  is  required  for  storage  of  1.0 
gallon  of  gasoline. 

Figure  25  shows  similar  curves  for  one  of  two  10-gallon  accu nulators  for  the  engine 
room  simulator,  for  which  the  optimum  storage  quantity  is  3 gallons,  A.s  in  the  above 
example,  a final  gasoline  pressure  of  45  psi  would  require  an  initial  accumulator  pressure 
of  27  psi  for  storage  of  3 gallons  of  gasoline. 

The  accumulator  initial  pressure  will  vary  somewhat  with  temperature,  decreasing 
in  cold  weathf-r  and  increasing  in  hot  v;eather.  This  will  have  the  effect  that  slightly 
more  gasoline  will  be  injected  in  cold  weather  than  in  hot  weather,  which  appears 
desireable.  A change  of  70  degrees  in  accumulator  temperature  will  change  stored  gaso- 
line volume  by  about  13  percent,  which  does  not  appear  great  enough  to  require  compensa- 
tion. 

The  accumulator  initial  pressure,  once  set,  should  not  change  with  Lime,  and  should 
not  require  adjustment  unless  a change  in  gasoline  quantity  is  to  be  made.  The  quantities 
of  1 gallon  and  3 gallons  per  accumulator  mentioned  above  are  adequate  for  clean  N'o.  2 
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diesel  oil.  Lighter  fuels,  especially  those  mixed  with  gasoline,  kerosene,  or  JP-4, 
could  be  ignited  with  less  gasoline  but  it  does  no  harm  to  standardize  the  injected 
quantity  at  the  level  required  Cor  the  least  volatile  fuel. 

Tlie  accumulator  bladder  is  inflated  through  a standard  automotive-type  tire  valve 
at  t!ie  end  of  the  accumulator,  and  can  be  read  with  a tiro  gage.  As  a matter  of  conve- 
nience, the  bladders  are  charged  with  nitrogen  from  the  same  tank  used  for  actuating 
gasoline-injector  pistons.  Hov;ever,  if  necessary,  tliey  could  be  charged  with  a tire 
pump  or  any  otlier  source  of  compressed  air  or  nitrogen. 

At  the  relatively  low  pressures  at  which  the  gasoline  accumulators  are  used,  they 
must  be  placed  in  an  upright  position  to  function  properly. 


Setting  Gasoline  Pumping  Period 


Tlie  calculated  period  Cor  filling  the  engine-room  accumulators  is  17  seconds.  How- 
ever, it  is  probable  that  the  gasoline  flow  rate  will  taper  off  as  the  set  pressure  is 
approached  liecauso  of  pressure  drops  in  the  system  and  opening  of  the  pressure  regulator. 
Accordingly,  the  time  needed  to  till  the  accumulators  should  be  measured.  Tills  can  be 
done  by  installing  a clip-on  pressure  gage  at  the  nitrogen  fitting  on  the  cop  of  one 
accumulator  and  timing  tlie  period  Cor  pressure  rise  to  the  desired  value  with  a stop 
watch.  The  longest  period  measured  in  several  successive  runs  sliould  bo  set  into  the 
multicam  timer.  Excess  filling  time  does  no  liarm,  as  the  gasoline  pressure-relief  valve 
at  the  pump  opens  at  the  set  pressure  and  then  by-passes  gasoline.  After  a long  shutdown, 
a few  extra  seconds  of  charging  time  may  prove  necessary  on  the  first  ignition  if  the  pump 
is  not  primed. 

Setting  Kultlcam  Cycle  Timers 


The  automatic  ignition  cycle  for  eacii  simulator  is  controlled  by  a multicam  sequenc- 
ing timer  located  in  the  Power  Contactor  Panel,  as  shown  in  Figure  23.  The  function  of 
each  cam  is  identified  in  this  figure. 

Each  timer  contains  5 active  cams  mounted  on  a shaft  that  is  driven  at  1 rpm.  This 
shaft  starts  to  rotate  from  the  same  position  each  time  the  timer  is  actuated,  and  returns 
to  this  position  at  the  end  of  the  cycle.  Each  of  the  cams  actuates  a m.icroswitch  below 
tlie  cam  by  means  of  a roller- tipped  lever  that  rides  the  cam  surface.  When  the  micro- 
switch  roller  drops  into  the  notch  in  the  cam  the  circuit  is  energized,  and  whan  it  is 
raised  at  the  end  of  the  notch  the  circuit  is  de-energized.  The  time  at  which  the  circuit 
is  energized  is  set  by  rotating  the  cam  on  the  shaft,  where  it  is  held  by  two  set  screws. 

The  length  of  time  that  the  microsvjitch  is  energized  Is  set  by  rotating  half  the  cam  to 
cliange  the  length  of  the  notch.  Each  cam  includes  a drum,  numbered  from  0 to  100,  and 
a pointer,  so  that  timing  sequences  can  be  set  readily.  The  particular  timers  used  in 
tills  system  were  obtained  on  short  notice  from  stock:  both  have  more  cams  than  needed, 

V and  the  extra  cams  are  not  used.  Interchangeable  gears  arc  available  for  about  $1.20  each 

that  permit  varying  the  time  per  revolution  from  15  seconds  to  120  seconds.  The  60-second 
gear  installed  proved  most  suitable  for  present  cycles. 

Setting  of  the  multicam  timers  is  done  most  easily  by  first  graphing  the  sequence  of 
events  to  be  followed  by  the  timer.  The  baseline  of  the  graph  should  be  in  1/100  minutes 
instead  of  seconds,  as  the  timer-cam  drums  each  have  100  graduationa.  In  setting  the 
timers  the  drive  gear,  at  the  right  end  of  the  shaft,  can  be  disengaged  by  loosening  one 
screw  so  that  the  shaft  turns  freely.  The  shaft  can  then  be  rotated  and  cams  adjusted  to 
actuate  each  mlcroswitcb  at  the  desired  angles.  One  cam  drum  with  its  zero  under  the  pointer 
at  the  starting  cam  angle  should  be  used  as  a reference  for  setting  all  cams.  Cam  B could 
serve  this  purpose,  or  one  of  the  unused  cams  to  the  right  of  the  shaft.  Cams  would  be 
adjusted  with  the  power  off,  to  avoid  cycling  of  equipment. 
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NORFOLK  INSTAUATION  AND  IKITTAL  OPEKiNTION 


InsLallatlon  Kxporicnce 


The  ignition  system  was  installed  at  the  Fire  Fighting  School  during  the  2-week 
period  from  July  10  to  July  21,  1972.  All  on-site  work  was  completed  during  this  period 
and  initial  ignition  trials  were  carried  out  on  July  21. 


Preparation  for  installation  of  tlie  ignition  system  at  tlio  Fire-Fighting  Sciiool  be- 
gan in  late  June,  1972,  with  ordering  of  all  components.  A few  of  the  components  selec- 
ted in  designing  the  system  were  not  available  on  short  notice,  and  substitutions  wore 
made  as  needed  for  delivery  in  two  to  three  weeks.  The  only  components  that  > ould  not  be 
obtained  in  time  for  installation  were  solenoid  valves  with  Vi  ton  fluorocarbon  rubber 
diaphragms  and  seals,  and  accumulators  with  Viton  bladders.  Accordingly,  valves  v;itl\ 
Euna-N  parts  were  installed  and  the  Viton  parts  ordered  for  future  delivery.  Tlio  life 
of  Buna-N  bladders  in  accumulators  was  expected  to  be  more  than  a year,  so  substitute 
bladders  were  not  ordered. 


On-site  work  was  reduced  to  the  extent  possible  by  pre f abr ica t i on  of  parts  and  assem- 
blies at  Battellc  under  shop  conditions.  Gasoline  distributors,  oil  distributors,  and 
spark-plug  liolders  were  made  and  assembled  before  on-site  work  began,  and  the  control  pane 
and  associated  power-contactor  panel  were  assembled,  wired,  and  clicckcd  at  Battelle  before 
delivery  to  the  site  on  July  17. 

On-site  work  was  begun  on  July  11,  1972,  and  completed  on  July  22.  During  this  lime 
underground  piping  and  electrical  conduit  were  installed  and  paving  replaced,  the  gasoline 
pump  and  nev;  oil  pump  were  installed,  and  all  Ignition  components,  piping,  and  wiring  t.'ere 
installed  and  checked. 


Component  Problems 


During  initial  operation  of  the  system  several  component  problems  were  identified 
and  corrected.  Some  of  these  were  not  anticipated,  and  these  are  described  below  for 
future  design  consideration. 


Accumulator  Orientation 


Accumulators  were  installed  in  a horizontal  orientation  for  convenience,  and  it  was 
found  that  ttiey  did  not  discharge  gasoline  reliably.  Although  it  is  routine  to  use 
hydraulic- system  accumulators  in  any  position,  the  combination  of  low  bladder  pressure 
and  use  of  only  about  20  percent  of  accumulator  volume  resulted  in  holdup  of  gasoline 
in  tlie  accumulators.  This  was  corrected  by  installing  the  accumulators  in  a vertical  posi 
tlon.  The  design  dravjlngs  were  changed  to  specify  vertical  orientation. 


(■asoline  Pressure  Regulator 


A precision  balanced-piston  pressure  regulator  made  for  hydraulic  systems  was  install 
ed  in  the  gasoline  supply  system,  but  it  failed  within  two  days  because  the  hardened  steel 
piston  rusted  into  the  cylinder.  It  was  then  found  that  gasoline  usually  contains  suffi- 
cient water  to  rust  ferritic  parts,  so  that  noncorrosive  parts  must  be  used  in  gasoline 
service. 
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After  a very  extensive  search  for  noncorrosivc  hydraulic- system  regulators  failed  to  locate 
anything  suitable,  a cruder  bronze  pressure  regulator  made  for  gasoline  service  was  sub- 
stituted . 


(lasolinc- Injector  Failure 


The  gasoline  injectors  wore  installed  vntli  a brass  central  sliaft  attached  to  llie  top 
cap  v.ith  a 1/4-20  tliread.  On  the  first  pressurization  of  the  injectors  in  a closed  posi- 
tion, v.'ith  tlie  caps  exposed  to  pressure  in  the  range  of  60  psi,  one  of  the  si’.afts  broke 
off  at  the  1/4-20  thread.  Subsequently,  with  pressure  regulator  problems  mentioned  above, 
another  injector  was  overpressured  and  another  shaft  broken  off.  Accordingly,  the  shaft 
was  redesigned  as  a 1/2-incli  diameter  stainless  steel  sliaft  with  a 7/16  tliread  at  the  top, 
and  all  injectors  reworked.  Injector  construction  sliould  now  be  adequate  for  any  conceiv- 
able overpressure  application. 

Pressure-Gage  Failures 

Pressure  gages  installed  at  the  outlet  of  the  gasoline  pressure  regulator,  a few  inches 
from  the  gasoline  pump,  failed  within  a short  time  because  of  pressure  pulsation  from  tlie 
positive-displacement  pump.  A gage  snubber  alone  did  not  solve  tiiis  problem.  Accordingly, 
Ltie  gagi:  was  installed  at  the  top  of  a 6- inch  length  of  air-filled  pipe,  and  a 2- foot 
length  of  air-filled,  2-inch  pipe  was  installed  at  the  pump  outlet  to  dampen  pressure  pul- 
sations . 


Spark-Plug  Fouling 


Considerable  difficulty  has  been  experienced  witli  keeping  spark  plugs  clean  enough 
to  fire  on  every  Ignition  cycle.  This  problem  had  not  occurred  in  more  than  140  igni- 
tions carried  out  in  the  Battellc  15-foot  Lank,  and  was  not  anticipated.  Observation  of 
fire-fighting  exorcises  showed  that  when  hoses  arc  "goose-necked",  or  directed  downward 
on  the  oil  surface,  largo  waves  wash  over  the  spark  plugs,  submerging  tliera  momentarily 
in  oil  and  water.  Wltli  repeated  submergence  and  lieating,  oil  retained  within  the  spirk 
plug  body  forms  a thick  sludge  of  carbonized  oil  and  water.  Eventually,  this  sludge  does 
not  burn  off  when  the  spark  plug  is  energized,  althougli  tliere  is  a period  of  many  opera- 
tions when  energizing  the  plugs  for  10  to  20  seconds  will  burn  off  sludge  and  provide  a 
good  spark.  The  sludge  shorts  the  spark  gap  by  coating  tlie  insulator  for  tlie  center, 
high-voltage  electrode  viitli  a conductive  coating.  Energizing  the  spark  plug  releases 
energy  into  the  sliorting  sludge  at  a rate  of  250  watts,  which  will  often  heat  it  quickly 
and  dry  the  insulator  sufficiently  to  permit  proper  firing  of  tlie  spark  plug. 

Two  plugs  of  an  alternate  design  were  evaluated  at  Norfolk  and  Kattelle,  but  proved 
no  better.  In  these,  the  external  tubular  body  surrounding  the  central  electrode  was  re- 
moved and  replaced  by  two  electrodes  extending  from  the  base  to  tlie  top  of  the  center  elec- 
trode. Those  plugs  were  fouled  by  soot  that  deposited  on  the  surface  of  the  central  In- 
sulator during  normal  burning,  rather  than  by  sludge  trapped  within  the  tubular  body,  but 
the  net  result  was  no  better  than  for  the  original  plug. 

In  an  attempt  to  ease  the  spark-plug  problem  the  automatic  ignition  cycles  were  modi- 
fied to  energize  spark  plugs  for  20  seconds  before  gasoline  Injection,  to  burn  off  fouled 
plugs  to  the  extent  possible, 

A satisfactory  solution  to  the  spark-plug  fouling  problem  has  not  yet  been  demonstra- 
ted. Two  pos.slble  approaches  are:  (1)  a retractible  spark  plug  that  is  not  exposed  to 
fouling  conditions,  and  (2)  a convenient  water-jet  cleaniiig  device  that  can  be  manually 
held  over  eacli  plug  for  a thorough  cleaning  each  day  with  minimum  effort. 
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li^nitlon-System  PerformancG 

Tlio  automatic  ignition  system  has  been  used  on  a routine  basis  since  August  4,  1972. 

At  this  date,  six  weeks  later,  the  system  is  still  operating  without  any  problems  except 
tliat  of  spark-plug  fouling.  It  is  generally  liked  by  the  several  field  cliiefs  v;ho  operate 

the  system  and  has  presented  no  problems  that  they  cannot  cope  with. 

Tlie  automatic  cycles  as  now  set,  shown  in  figure  22  provide  nearly  smokeless  ignition 
if  pressure  to  the  smoke-suppression  water  spray  system  is  manually  controlled  to  optimiiso 

flame  growth.  The  water  pressure  on  ignition  of  the  15- foot  tank  should  bo  about  60  psi, 

which  permits  rapid  growth  of  a largo  oil  fire.  As  the  fire  grows,  smoke  gradually  be- 
comes denser,  and  more  water  pressure  is  required  to  suppress  it.  However,  excessive  water- 
flow  v;ill  arrest  flame  growth  or  put  out  the  fire,  and  constant,  very  careful  water-pressure 
adjustment  is  needed  to  provide  botli  good  flame  development  and  smoke  of  about  No.  1 Ringle- 
man.  If  the  water  pressure  is  sot  for  about  80  psi  and  ignored,  the  flame  will  grow,  but 
liglrt  smoke  will  form  and  gradually  grow  heavier  as  the  flame  grows  large.  Hcwever,  tills 
smoke  is  not  comparable  to  that  produced  witliout  water  spray. 

Wlieii  the  ignition  cycle  is  started  with  full  water  pressure  of  120  psi,  the  fire 
usually  is  pushed  into  four  pockets  around  the  edge  of  the  tank  by  the  water  spray  and 
burns  there,  but  never  grows  to  cover  the  entire  oil  surface.  Altliough  the  usual  technique 
is  used  to  extinguish  these  fires  the  effect  is  not  the  same  as  that  of  a largo,  hot  fire. 

On  two  occasions  the  fire  was  allowed  to  grow  for  several  minutes  before  it  was  ex- 
tinguished, A very  large  fire,  vjlthout  smoke,  resulted.  However,  the  fire  was  so  hot, 
and  tlie  oil  surface  so  hot,  that  it  could  not  be  extinguished  by  tlie  usual  technique  using 
two  hoses:  additional  hoses  set  up  for  the  engine-room  simulator  v7ero  needed.  These  in- 
cidents demonstrate  that  almost  any  degree  of  difficulty  of  fire  extinction  is  possible 
vjitli  smokeless  combustion,  with  the  proper  burning  technique. 
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